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A systematic research, which covers the characterization of the intrinsic gas 
permeation properties, the physical aging process monitoring, the CO2 plasticization 
behavior evaluation of the dense 6FDA-Durene polyimide films of different thickness, 
and finally the chemical cross-linking modification to withstand the plasticization of 
CO2 for CO2 separation and retard the physical aging process, has been presented in 
this thesis. 
 
We attempted to study the effect of film thickness on the physical aging and the CO2 
plasticization behavior of the glassy polyimide membrane, because the asymmetric 
membrane with a thin and dense separating layer has been widely applied in industrial 
scale applications and is therefore of great interest, academically and industrially.    In 
addition, we proposed an easy and feasible chemical modification method to improve 
the physical aging and CO2 plasticization resistance of the membrane.  The knowledge 
of this has been proven to be critical for membrane based gas separation processes. 
 
Specifically, this work investigated (i) the aging profile of 6FDA-Durene polyimide 
dense films with different thickness, thus to correlate the aging of hollow fiber 
containing a thin and dense selective layer with the aging of dense films of comparable 
thickness; (ii) the CO2 plasticization behaviors of 6FDA-Durene films with different 
thickness; (iii) the effects of chemical cross-linking modification of 6FDA-Durene on 
the aging and CO2 plasticization behaviors. 
 
 vi
Finally, an accelerated physical aging process of the 6FDA fluoro-polyimide was 
observed and employed to validate a proposed equation, derived from the molecular 
mobility of polymer segments below the glass transition temperature of the polymer, 
that serves to correlate the change of permeability as a function of time during the 
physical aging process. Strongly thickness-dependent aging process was found by 
employing pure O2 and N2 tests to monitor the change of gas permeation properties as 
a function of aging time.  Interestingly, an accelerated CO2 plasticization indicates that 
the conventionally defined “plasticization pressure” as an inherent material properties 
measured from thick dense films is also strongly thickness dependent.  Experimental 
results suggest that chemically modified ultra-thin films show characteristics of 

















A Effective area of the film (cm2) 
b Langmuir affinity constant (atm-1) 
C Local penetrant concentration in the film (cm3 (SPT)/cm3 (polymer))
C1 Local penetrant concentration at the downstream side (cm3 (STP) / 
cm3 (polymer)) 
C2 Local penetrant concentration at the upstream side (cm3 (STP) / cm3 
(polymer)) 
CD Henry sorption concentration (cm3 (STP) / cm3 (polymer)) 
CH Langmuir sorption concentration (cm3 (STP) / cm3 (polymer)) 
cH’ Langmuir sorption capacity (cm3 (STP) / cm3 (polymer)) 
D Diffusion coefficient (cm2/s) 
DD Average local measure of mobility of a penetrant in the  
Henry site (cm2/s) 
DH Average local measure of mobility of a penetrant in  
Langmuir (H) environments (cm2/s) 
dp/dt Rate of pressure in the low-pressure downstream  
chamber (mmHg/sec) 
K CH’b / kD
Dk  Henry’ law constant ((cm
3 (STP)) / cm3 (polymer) atm) 
l Membrane thickness (cm) 
N Permeation flux (cm3/cm2-sec) 
p Pressure (cm Hg) 
P Permeability coefficient of a membrane to gas (1 barrer =1 x 10-10 
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cm3 (STP)-cm / cm2-sec-cm Hg.) 
p0 Standard pressure of 1 atm or 76 cm Hg 
p1 Down stream pressure of the penetrants (cm Hg) 
p2 Upstream stream pressure of the penetrants (cm Hg) 
p∆  Pressure difference (cm Hg) 
Q Volumetric flow rate of gas at standard temperature  
and pressure (cm3 (STP) /sec) 
R Universal gas constant 
S Solubility coefficient (cm3(STP)/cm3(polymer)-cmHg) 
T Absolute temperature of the measurement (K) 
T0 Standard temperature of 273.15K 
Tg Glass transition temperature of penetrant (K) 
V Volume of the low-pressure chamber (cm3) 
x Distance from the upstream side of the film to downstream (cm) 
xS Local concentration of component 1 at the retentate side of 
permeator 
y Local concentration of component 1 at the permeate side of 
permeator 
BA /α  Separation factor of a gas pair  
*
/ BAα  Ideal separation factor of a gas pair (permselectivity) 
θ Time lag (sec) 





6FDA 2,2-Bis [3,4-dicarboxyphenyl] hexafluoropropane dianhydride  
Durene 2,3,5,6-Teramethyl-1,4-phenylene diamine 
DSC Differential scanning calorimetry  
FTIR Fourier tansform infrared spectroscopy 
NMP N-methyl pyrrolidone 
SEM Scanning electron microscope 
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1.1 Membrane and membrane-based gas separation  
 
Membrane-based separation has appeared to be one of the promising and rapidly 
growing areas in separation technology (Rousseau, 1987) because it is more 
economical and energy-saving thus outweighs the traditional approaches like 
cryogenic distillation that requires a phase change of the feed mixture.  Most available 
membrane-based separation processes are in the forms of gas separation, reverse 
osmosis, microfiltration, ultrafiltration (Fane, 1984), liquid membranes, pervaporation 
(Okada and Matsuura, 1991), dialysis and electrodialysis. The work presented here is 
engaged in the membrane-based gas separation. 
 
A membrane, principally a selective barrier, achieves a separation by allowing certain 
components in a fluid mixture to pass through while rejecting others, thus resulting in 
a preferential passage of certain components (Mulder, 1996).  For an effective gas 
separation process, the membrane materials shall be non-porous and have no defects 
on a molecular level.  The driving force for the permeation of gas penetrants through 
the non-porous membranes is the chemical potential difference resulted from the 
concentration difference at the upstream and downstream membrane sides (Koros and 
Fleming, 1993).  Separation is achieved as a consequence of the difference in the 
relative transport rates of different penetrating gas molecules (i.e. components that 
diffuse faster will be enriched in the permeate stream, while the other components will 
 1
become concentrated in the retentive stream). The transport properties of the non-
porous membranes have been widely characterized by investigating the permeability to 
gases, the permselectivity to certain species over others, and the sorption of gases in 
the materials. 
 
1.2 Transport mechanism of membranes  
1.2.1 General principles 
 
For a homogeneous polymer dense membrane, the local flux N of a penetrant for one-




∂−=                                                                                                               (1.1) 
where D is the diffusion coefficient, which might be a function of local concentration, 
C, in the film, x refers to the distance from the upstream side of the film to 




∂ , represents 
the gradient of penetrant concentration through the membrane, which can be replaced 
by pressure gradient when Henry’s law holds. 
 
The most important characteristic, permeability coefficient P, is defined as the flux N 




=                                                                                                           (1.2) 
where p2 and p1 are the pressures of penetrants at upstream and downstream sides, 
separately, l denotes membrane thickness. (Staudt-Bickel and Koros, 1999) 
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1.2.2 Solution-diffusion model 
 
The gas transport in most rubbery and glassy membranes can be explained by the 
solution-diffusion model. There is no continuous transport passage for the gas 
penetrants, but the thermally agitated motion of polymer chain segments generates 
penetrant-scale transient gaps, thus the diffusion of penetrants from the feed stream to 
permeate stream is achieved. Therefore, this prime “solution-diffusion” mechanism 
consists of three steps, that is, the gas molecules in the upstream gas side (high-
pressure side) first sorb into the membrane surface, then diffuse across the membrane, 
and finally desorb from the membrane surface on the downstream gas side (low-
pressure side) (Wijmans and Baker, 1995). As a result, the permeation coefficient can 
be expressed as a product of a diffusion coefficient D and a solubility coefficient S: 
DSP ⋅=                                                                                                                      (1.3) 
The solubility coefficient S is determined by the condensability of penetrants, the 
interactions of polymer and penetrant, and the amount of free volume and its 
distribution of the polymer; while the diffusion coefficient, D, is determined by the 
packing and mobility of polymer segments as well as the size and shape of the 
penetrating molecules.  
 
The permselectivity is another critical parameter in membrane-based gas separation 
processes, which is characterized by a separation factor αA/B in terms of the 
downstream (y) and upstream (xs) mole fractions of two components A and B as 







/=α                                                                                                         (1.4) 
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In the case of negligible downstream pressure, αA/B is equal to the ideal separation 
factor (permselectivity), α*A/B, defined as the ratio of permeabilities of the two gases A 




P=* /α                                                                                                                   (1.5) 
 
1.2.3 Sorption in glassy polymers – Dual mode sorption model 
 
The sorption of a certain kind of gas in glassy polymer membranes is a thermodynamic 
process and the solubility coefficient is determined by (i) the inherent condensability of 
the penetrant, (ii) the polymer–penetrant interactions, and (iii) the amount and 
distribution of the excess free volume in the glassy polymer (Paul and Koros, 1976; 
Koros et al, 1976; Chung and Kafchinski, 1997). As put forward by Koros (Koros, 
1977), the equilibrium concentration of the sorbed gas in glassy polymers can be 
described as a function of pressure, p, if the dual mode sorption model is to be applied: 
bp
bpcpkCCC HDHD ++=+= 1
'
                                                                                    (1.6) 
where C is the total penetrant concentration, CD and CH represent the local 
concentration of penetrant molecules sorbed in the Henry mode and Langmuir 
environments, respectively. The parameters kD, c’H and b are the Henry law constant, 
the Langmuir capacity constant, and the Langmuir affinity constant, separately, which 
can be obtained by a non-linear least squares fitting of the sorption data. The Henry 
sorption refers to the dissolution of a gas in the densified polymeric regions, while the 
Langmuir sorption refers to the trapping of gas molecules in the unrelaxed volume of a 
polymer matrix below glass transition temperature, Tg. The Langmuir capacity, c’H , 
represents the maximum amount of penetrant that can be sorbed in the Langmuir 
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environments of a glassy polymer. The Langmuir environments of a glassy polymer 
refer to the excess free volume frozen in as a result of the non-equilibrium quenching 
from the rubbery state to glassy state. Therefore, the Langmuir capacity of amorphous 
polymers will disappear in rubbery state, that is, above Tg, or the transition time from 
rubbery state to glassy state lasts long enough.  The Langmuir affinity constant, b, 
measures the rate of the sorption over desorp tion for penetrant in the Langmuir mode 




CS HD ++== 1
'
                                                                                                   (1.7) 
 
1.3 Membrane material selection and tailoring  
 
Compared with rubbers and crystalline / semi-crystalline polymers, glassy polymers 
have emerged as the preferred materials for gas separation for the advantageous 
combination of permselectivity and permeation properties (because the chain mobility 
in crystalline / semi-crystalline polymers is relatively small in the highly ordered and 
restricted crystalline structure, and the chains are too mobile in rubbers to achieve a 
good selectivity, while amorphous polymer stands in between).  For most available 
polymers, the characteristics of permeability and selectivity are generally contradictive 
in nature: a trade-off between permeability and permselectivity, i.e. high 
permselectivity is coupled with low permeability and vice versa, has been commonly 
observed.  This can be illustrated by a typical famous Robeson’s “upper bound” curve 
of permeability and permselectivity for CO2 / CH4 separation of various polymers as 
shown in Figure1.1 (Robeson, 1991).  It is clearly shown that glassy polymers possess 
much lower permeabilities but relatively high permselectivities than rubbers.   
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 Figure 1.1 Literature data for CO2/CH4 permselectivity versus CO2 permeability 
(Robeson, 1991) 
 
Certainly, this “upper bound” curve is not fixed.  Numerous efforts have been put in 
pushing the limits of current available polymers such as molecular design and tailoring, 
polymer blending, inorganic-organic mixing etc.. With the development of polymer 
material, the “upper bound” curves gradually move up. The objective of membrane 
material selection is to look for the polymer candidate beyond the “upper bound”.  
 
 
Since the transport properties of polymeric membrane are attributed to the combination 
of the contribution from several factors: 1.total free volume; 2. distribution of free 
volume; 3. intersegmental resistance to chain motions; 4. intrasegmental resistance to 
chain motions (Coleman and Koros, 1994), two principles are generally considered  for 
membrane material selection (Coleman et al, 1993; Coleman and Koros, 1994): 1: A 
family of polymer materials will tend to increase permeability while maintaining 
permselectivity through the structural alterations, which inhibit chain packing with an 
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inhibition to rotational mobility of flexible linkages on the polymer backbone; 2: A 
family of polymer materials will tend to decrease permeability with desirable increases 
in permselectivity through the structural alterations, which significant suppress the 
segmental mobility while causing only small changes in chain packing.  
 
Among most available polymers such as polysulfone, polyimides, polyamides, 
polycarbonates, polyetherimide and sulfonated polysulfone, 6FDA 
(hexafluorodianhydride)-based polyimides have attracted much attention for gas 
separation due to both impressive gas performance with many other desirable 
properties such as spinnability, thermal and chemical stability and mechanical strength 
as compared with non-fluoropolyimides (Coleman et al, 1993; Coleman and Koros, 
1994; Costello and Koros, 1995; Kawakami et al, 1997; Zimmerman et al, 1998; 
Staudt-Bickel and Koros, 1999, 2000; Zimmerman and Koros, 1999a, 1999b). The 
6FDA-based polyimides possess better gas performance with high permeability and 
permselectivity because their rigid structure contain bulk groups of (CF3), by which 
the efficient packing is inhibited and local segment mobility is reduced.  For the 
advantages and prospects in large-scale application in industry, the 6FDA-Durene has 
been chosen to study in this work. 
 
1.4 CO2 plasticization and physical aging of glassy polymer  
 
An important application of gas separation membranes is to remove acid gas from 
natural gas.  Natural gas is a complex mixture that contains the desirable components 
such as hydrocarbons and some unpleasant components such as CO2, H2S and water 
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vapor. Not only are the acid gases corrosive to pipelines but also they reduce the 
energy content of the natural gas.   
 
The CO2 induced plasticization refers to the increase of CO2 permeability as a function 
of feed pressure (Bos et al, 1999; Ismail and Lorna, 2002). According to the solution-
diffusion mechanism, the permeation of penetrants in glassy polymer membranes is 
controlled by two aspects: solution and diffusion (Paul and Yampol’skii, 1994; Koros 
and Fleming, 1993; Stern, 1994; Koros, 1977). In most glassy polymers, the diffusion 
coefficient has more contribution to the permeability. Being a kinetic factor, the 
diffusion coefficient is correlated to the packing and motion of polymer segments, and 
the size and shape of penetrating molecules. As a plasticizer, CO2 may either swell up 
the interstitial place among polymer chains, which brings up a larger free volume or / 
and enhance segmental and side groups mobility (Paul and Yampol’skii, 1994; Koros 
and Fleming, 1993; Staudt-Bickel and Koros, 1999; Bos et al, 1999; Ismail and Lorna, 
2002; Koros, 1977, Bos et al, 1998a; Wessling et al, 1991). Though the CO2-induced 
plasticization accelerates the diffusion of penetrants, simultaneously, it severely 
deteriorates the gas permselectivity of CO2 over other gases. Therefore, many efforts 
have been put into diminishing the effect of plasticization caused by CO2 on the 
membrane separation performance.  
 
Physical aging phenomenon is not a negligible factor for most of glassy polymeric 
membranes because it will lower their gas performances. Physical aging of glassy 
polymers stems from the non-equilibrium nature of the glassy states towards 
equilibrium, which is associated with the volume relaxation of polymers below Tg. 
Consequently, the segmental mobility of the polymer chains is reduced (Kovacs, 1958; 
Chan and Paul, 1980; Chow, 1984; Bartos et al, 1990; Hutchinson, 1995; McCaig and 
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Paul, 2000). Many materials properties such as viscoelastic, mechanical, electrical and 
calorific properties, will change with the increase in storage time of polymer 
membranes under the conditions of constant temperature, zero stress and without 
external forces (Struik, 1978; Aref-Azar et al, 1983; Carfagna, et al, 1988; Vigier and 
Tatibouet, 1993; Hill et al, 1990; Bradshaw and Brinson, 1997). In the meantime, 
physical aging can also dramatically deteriorate the gas permeability of glassy 
polymeric membranes. 
 
The solutions to these two issues are vital to the wide application of membrane-based 
gas separation.  Additionally, the fact that the penetrants might act as “lubricant” to the 
segmental adjustment of chains is also worthy of consideration. 
 
1.5 Why thin films?  
 
Besides the property-oriented molecular tailoring, the introduction of the asymmetric 
membranes, which typically consist of a thin selective layer and a porous support layer, 
has been a breakthrough towards high productivity and high membrane area ratio in 
membrane development because the productivity of this kind of membranes is 
inversely related to the thickness of the effective layer.  Hollow fibers of glassy 
polymers with an ultra-thin selective layer have been extensively employed for large-
scale industrial membrane-based gas separation processes because of the high gas 
permeance and nearly intrinsic gas selectivity.  However, the physical aging, 
characterizing in the drastic gas permeance or flux drop, has been commonly observed 
in the selective layer (Rezac et al., 1993; Chung and Teoh, 1999; Chung and Kafchinski, 
1996; Pinnau, 1991).  Our works were tailored to examine the aging profile of 6FDA-
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Durene polyimide dense films with different thickness, thus to correlate the aging of 
hollow fiber containing a thin and dense selective layer with the aging of dense films of 
comparable thickness. 
 
Though extensive works have been carried out for plasticization study, most of the 
observations were obtained from the thick dense films (typically around 50 µm).  For 
example, Bos extensively studied the plasticization behavior of thick dense films of 
commercial polyimide Matrimid 5218 (Bos, 1996).   Up to date, there are few reports 
on the plasticization behavior of thin dense films, which is similar to the case of the 
plasticization of thin layer of asymmetric membranes, and is suitable for the study that 
seeks to understand and suppress the plasticization behavior.  In fact, that has 
motivated us to conduct the direct thin film plasticization studies, and as a result 
strikingly different plasticization behaviors of films of different thickness and possible 
mechanisms are presented here. 
 
1.6 Goals and organization of this research 
 
The goals of this work were (i) to examine the aging profile of 6FDA-Durene 
polyimide dense films with different thickness, thus to correlate the aging of hollow 
fiber containing a thin and dense selective layer with the aging of dense films of 
comparable thickness; (ii) to investigate the CO2 plasticization behaviors of 6FDA-
Durene films with different thickness; (iii) to study the effects of chemical cross-
linking modification of 6FDA-Durene on the aging and CO2 plasticization behaviors. 
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This thesis is organized into six chapters inclusive of this introduction. Chapter 2 
presents a comprehensive literature review of the physical aging and CO2 plasticization 
behaviour of glassy polymers, and the effect of chemical modification to suppress both 
the physical aging and the CO2 plasticization. 
 
Chapter 3 describes the experimental approaches for this research including dense 
membrane preparation, characterization of dense membranes, chemical cross-linking 
modification, and other polymer membrane characterizations such as SEM, and FTIR . 
 
Chapter 4 presents a governing equation for physical aging of thick and thin Fluoro-
polyimide Films.  
 
Chapter 5 addresses the discussion of an accelerated CO2 Plasticization observation of 
ultra-thin polyimide films and the effect of surface chemical cross-linking on 
plasticization and physical aging. 
 









Ever since the study of Stern et al. dated back to 1965 (Stern et al., 1965), in which the 
authors noticed the decrease of nitrogen permeability over extended functioning time, 
there has been an increasing interest in membrane research, i.e. the aging or failure 
phenomenon of gas separation membranes, which in most cases are made of glassy 
polymers because of the excellent combination of separation permeability and 
selectivity offered (Koros and Fleming, 1993).  Depending on different origins, this 
phenomenon can be broadly categorized as chemical aging and physical aging.  For 
glassy polymers, the term chemical aging literally applies to the change of material 
property merely due to the change of chemical structure/composition, such as thermal 
degradation and photo-induced oxidation, while distinguished from chemical aging, 
physical aging is referred to the change of properties as a function of storage time 
without any external influence.  In this section, the nature and driving forces of the 
physical aging of purely glassy or semicrystalline polymers will be firstly discussed, 
and how the macromolecular morphology changes during the aging process and how 
these micro-scale changes are interrelated with the molecular motion of the polymer 
chains thus further to self-retard their own physical aging process,  and the effective 
methods to monitor these changes will also be presented, and finally a comprehensive 
review of the physical aging phenomenon in membrane research will be given. 
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 The physical aging of polymers, or other frequently referred terms as volume or 
enthalpy relaxation/recovery, is the direct result of the non-equilibrium nature of 
glassy region, should it be in purely glassy polymers, or semicrystalline polymers, or 
polymeric network glasses and block copolymers (Tant and Wilkes, 1981).  Therefore, 
it can be easily seen that the nature of those regions, being in glassy state, determines 
the non-equilibrium property, which in turn critically means that the glassy state is a 
state of non-equilibrium.   
 
2.1.2 Non-equilibrium behavior of glassy polymers 
2.1.2.1 Glass transition  
 
It is well known that the glass transition of polymers is not a thermodynamic transition, 
but a kinetics-controlled transition (Matsuoka and Hale, 1997).  This inherent kinetic 
nature of glass transition further results in the non-equilibrium behavior of glassy 
polymers.  These statements will be elaborated in the following sections. What 
happens when glassy polymers undergo a glass transition is clearly shown in figure 2.1.  
The X-axis schematically represents the temperature that ranges from well below Tg 
(glass transition temperature) to well above Tg, and the Y-axis is the specific volume 
of polymer.    Before we delve into many facets of the glass transition of glassy 
polymers, let us firstly consider the relationship between the molecular mobility, M, 
and the degree of packing or packing density, and free volume as shown in figure 2.2 
(Struik, 1978).  It is straightforward to see that the mobility increases with the increase 
of free volume, while the mobility decreases with the increase of packing density in a 
different order which is at first slowly but gradually at an ever increasing rate (Struik, 
 13
1978; Doolittle, 1951; Cohen and Turnbull, 1959).  Thus, it is easy to understand that, 
when the polymer is cooling from a temperature to a lower temperature, the specific 
volume will decrease because the reduction in temperature will result in the reduction 
in free volume and the dilation of atoms (while the latter is not illustrated in figure 2.1 
due to the small portion of the contribution).  In an ideal situation, the volume versus 
temperature line will follow the equilibrium trace as shown in figure 2.1.  However, 
the real case is that there would be a drastic change of the slope of the curve around a 
certain temperature (shown as a sharp turning point in figure 2.1 for the purpose of 
simplicity though in most real works it is a smooth curve covering a temperature range 
instead of a point), then it is said that the polymer undergoes the glass transition.  The 
nature of this transition will be elaborated as follows by discussing the interaction of 
the temperature, molecular mobility, and viscosity of the polymer chains.  Above the 
glass transition temperature, the polymer chains/segments are always capable of 
reaching the equilibrium conformations imposed by the temperature even though the 
molecular mobility decreases and viscosity increases as the temperature decreases.  
However, when the glass transition temperature is approached there is a significant 
reduction in molecular mobility that parallels the rapid increase of viscosity, after 
which the polymer chains/segments are not able to reach the equilibrium 
conformations.  Due to the lag or the inability to catch-up of the polymer chains, the 
time to reach equilibrium conformation (relaxation time) will be longer and the 
molecular conformation that remains as above the Tg will be frozen thus an unstable 
conformation, which tends to evolve to equilibrium conformation at that same 
temperature, will be reached when the temperature is decreased.  It has been clearly 
illustrated above that the nature of glass transition is a kinetics-controlled one, which 
results in a thermodynamically unstable state with greater enthalpy and entropy that 
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eventually become the direct driving forces for the polymer chains/segments to 
spontaneously evolve to the equilibrium conformation.  This spontaneous process is 
then literally called physical aging.   
0
 
 Temperature T, oC










Figure 2.1 Schematic diagram of the glass transition of physical aging process 
 
The schematic change of molecular morphology when the polymer is cooled from a 
temperature well above its Tg to below Tg and the subsequent physical aging process 
is illustrated by the four ovals symbolizing different moments during the cooling 
process as shown in figure 2.1, labeled as 1, 2, 3’ and 3.  From moment 1 to moment 2, 
the free volume in the polymer shall decrease monolithically.  Before reaching the 
glass transition, the free volume continues to decrease until the polymer undergoes the 
glass transition, i.e. from moment 2 to moment 3’, whereby the majority of the chain 
conformation remains as before moment 3’.  Then, if we hold the temperature 
somewhere below Tg, the morphology will subsequently change from moment 3’ to 
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moment 3, i.e. the sub-Tg physical aging process whereby the free volume 
continuously and spontaneously decays and the polymer chains are densified.  This 









Figure 2.2 The relationship between the molecular mobility, M, the degree of 
packing, and free volume (Struik, 1978) 
 
2.1.2.2 The relaxation time distribution and cooperative relaxation 
 
In the above section, we introduced a simple parameter, the chain mobility M, which is 
directly related to the change of chains toward equilibrium conformation, to discuss 
the general picture of the glass transition of polymers.  In reality, the relaxation of 
polymer chains is a process with a wide distribution of relaxation times that cover 10 
to 15 decades (Matsuoka and Hale, 1997) instead of a process with a unique relaxation 
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time that any single parameter can describe.  This issue certainly will raise a question: 
how do the different units of the polymer chains actually change during the physical 
aging process?  
 
Figure 2.3 Small-strain tensile creep curves of PVC quenched from 90 to 40oC 
and annealed for various times (Struik, 1978) 
 
As shown in figure 2.3, Struik (Struik, 1978) found that different creep curves of PVC 
samples with identical heat history but different aging elapsed time can be well 
superimposed (the scatter of the points around the master curve is less than 1%) to 
form a single master curve in a nearly horizontal manner.  This superimposability of 
the creep curve suggests that, firstly the creep process can not be explained by a single 
relaxation time since the creep curve spans over many decades in creep time, and 
secondly the change of aging time affects all distributive relaxation times by exactly 
the same factor in physical aging, because for instance, the creep curve of the sample 
 17
aged 1 day will be shifted along the logarithmic time scale by 1 decade, which roughly 
overlaps with the curve of the sample aged 10 days, for an increase of ten-fold in aging 
time as arrowed in figure 2.3.  The shift indicates that any change in aging time affects 
different relaxation units in a similar manner since we have mentioned above that there 
is a distribution of relaxation times.  Mathematically, it is clearly described by the 
following relationships (Struik, 1978) whereby we can see that µ, the double-
logarithmic shift rate, is constant and almost unity over a range of aging time t.  The 






a log dµ ≈−=−=                                                                                    (2.1)  
where a is the shift factor, M is the mobility.  
 
From the perspective of cooperative relaxation of polymers, Matsuoka (Matsuoka and 
Hale, 1997) derived exactly the same relationship between the relaxation time τ (for a 
certain relaxation unit and thus is identical to the mobility M of the unit) and the aging 
time t.  He deduced from the point that the relaxation time τ is always changing during 
the physical aging as shown in Eq. (2) (Matsuoka and Hale, 1997) since f will 




f d −=                                                                                                                 (2.2) 
where f is the Doolittle free volume fraction as shown in Eq. (3) (Doolittle, 1951), 
)T(T αf 0f −=                                                                                                         (2.3) 
where T0 is the temperature at which all the basic relaxation units/conformers in the 
entire system become inter-locked due the cooperative relaxation of polymers.  Then, 
he brought about the statement that all viscoelastic functions such as dynamic 
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mechanical compliance and relaxation modulus can be formulated with t/τ (where t is 
the aging time) as one variable, which is highly possible because the entire relaxation 
spectrum shifts with the same shift factor for τ (he probably researched the results of 
Struik), and if the changing τ also results in a shift for with the same factor for the 
entire viscoelastic spectrum, the aging phenomenon can then be characterized by t/τ, 
which means the aged time and the increasing τ are always proportional, as put 
mathematically by Eq. (4) (Doolittle, 1951), which is essentially the same to Eq. (1) 
because relaxation time τ is inversely proportional to the mobility M. 
1
 tlog d
 τlog d ≈                                                                                                           Eq. (2.4) 
Since there will always be a distribution of relaxation time, the right side of Eq. (4) is 
less than 1.  Both Eq. (1) and Eq. (4) requires the material to be far away from the 
equilibrium state.   
 
2.1.2.3 The secondary transition and the temperature range of 
physical aging 
 
Till now, we have discussed various aspects of the glass transition and physical aging 
of polymers.  It is worthwhile to point out that we proceed by putting forward the 
statement that the aging process will spontaneously be initiated at a temperature below 
Tg (including the annealing treatment).  However, literature suggests that the 
temperatures favorable to physical aging might have to be confined to be within a 
certain temperature range, various from one to another material, as will be discussed 
below.   
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As mentioned earlier, the relaxation of polymer chains is the result of various 
relaxation units characterizing in different relaxation times.  This can be clearly seen in 
a schematic Dynamic Mechanical Analysis (DMA) curve of polymers in figure 2.4.  
Three Tan δ peaks are assigned as α, β, and γ, separately corresponding to the 
relaxation of three kinds of different relaxation units.  It is well known that the α peak 
of polymer normally represents the glass transition that is recognized as the relaxation 
of segments, while β and γ peak represents the relaxation of smaller and smallest (in 
this example) relaxation units, i.e., normally the side groups and parts of chain 
segments (Haines, 1995).  The positions of the peaks exhibit the difference in the 
relaxation movement of these units: the longer the relaxation unit, the higher 
temperature is needed to achieve the energy for the change of configurations 
(relaxation) of this unit.  Thus it is reasonable to see Tα > Tβ > Tγ. 






Tγ Tβ Tα Tα> Tβ> Tγ
Aging temperature range
 
Figure 2.4 Schematic Dynamic Mechanical Analysis (DMA) curve of polymers 
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Based on the above discussions, Struik proposed that the temperature range for 
physical aging is in between Tg and highest secondary transition Tβ (Struik, 1978).  He 
deduced that during the aging process at a temperature below Tg but above Tβ, the free 
volume will gradually diminish to a certain value at which the segment motion will be 
greatly but not fully hindered.  The possibility of the movement segments still persists 
at this specific value, though it is rather small, suggesting that there is always sufficient 
free volume to admit the small-scale units’ relaxation.  Below Tβ, the free space is 
extremely insufficient even for the small-scale secondary relaxation, and the viscosity 
becomes significantly high, high enough to lock the small-scale relaxation units and 
segments.  Thus, physical aging will not happen below Tβ because all the major units 
are fixed in the system.  Furthermore, they studied 22 polymers and came to the 
conclusion that the secondary relaxation will no be affected by the physical aging as 
illustrated in figure 2.5 (Struik, 1978).  It shows the DMA curves of polycarbonate 
samples with different heat history to create the difference in free volume, i.e., one is 
slowly cooled from 155 oC and another one is quenched to -150 oC.  This figure covers 
only the β transition peak in the low temperature trail, thus one might not see the 
whole glass transition peak in this curve at higher temperature at about 130 oC.  It is 
obvious that the peak height and position of secondary transition are not affected by 
physical aging because the difference in sample history can be viewed as difference in 
physical aging process after the glass transition area, while in the range from about -70 
oC onward the relaxation, which is exactly the temperature range between secondary 
and glass transition, is drastically affected.  Similar phenomenon was also observed by 













after cooling at 1oC/min 
from 155 to -150oC
after a quench 
from 155 to -150oC
 
Figure 2.5 DMA curves of polycarbonate samples with different heat history 
(Struik, 1978) 
 
Though testified by extensive experimental data and solid theoretical explanation,   
whether this conclusion can be applied to all the micro and macro properties of glassy 
polymers remains unveiled, and further efforts are needed to clarify the situation. 
 
2.1.3 An overview of the effect of physical aging on gas separation 
membranes  
 
Many investigations have shown that physical aging might in some cases significantly 
affect the separation properties of polymer membranes, i.e. the gas permeation ability 
decreases and the permeation selectivity of gas pairs increases due to the reduction of 
free volume and the densification of polymer chains resulted from physical aging.  A 
short review of some aspects in the field, i.e. the physical aging phenomenon of 
polymer membranes, characterization techniques, and selected theoretical models will 
thus be presented below. 
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Poly(trimethylsilylpropyne) [PTMSP], known as a glassy polymer with extremely high 
excess free volume, has been extensively studied and reported to undergo rapid 
decrease of free volume and permeability over time (Witchey-Lakshmanan et al., 1990; 
Pinnau et al., 1997; Nagai and Nakagawa, 1995; Takada et al., 1980; Hamano et al., 
1988; Asakawa et al., 1989; Yampol’skii et al., 1993a; Dorkenoo and Pfromm, 2000; 
Tasaka et al., 1991; Lin et al., 1993).  However, the aging study of PTMSP has been 
found to be somehow contradictory and complicated by the issues of thermal 
degradation, the heat history which defines the different glassy states of samples in 
different works, and the contamination of vacuum pump oil of the membranes 
(Witchey-Lakshmanan et al., 1990; Pinnau et al., 1997; Nagai and Nakagawa, 1995; 
Takada et al., 1980; Hamano et al., 1988; Asakawa et al., 1989; Yampol’skii et al., 
1993a; Dorkenoo and Pfromm, 2000; Tasaka et al., 1991; Lin et al., 1993; Masuda et 
al., 1985; Nagai and Nakagawa, 1994; Langsam and Robeson, 1989).  Masuda and 
coworkers’ work (Masuda et al., 1985) documented a drastic drop in molecular weight 
at a temperature within the range of 120oC and 200 oC for a period of time, which later 
on was attributed to be the results of a random chain scission process (degradation) 
after they conducted the controlled TGA experiments in oxidative (O2, air) and non-
oxidative (N2) environments.  The oxidation process was confirmed by the later work 
of Nagai et al. (Nagai and Nakagawa, 1994)), in which the researchers employed the 
FTIR to find that in air at room temperature only the side group (CH3-) of PTMSP was 
oxidized without any loss in molecular weight and at elevated temperature the C=C 
bonds in the backbone chain were oxidized to C=O groups.  However, Langsam et al. 
(Langsam and Robeson, 1989) observed nearly no change in either O2 permeability or 
O2/N2 selectivity for a period of 225 days, and they subsequently argued that the 
change in O2 permeability in Chern et al.’s work (Witchey-Lakshmanan et al., 1990) 
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might be mainly due to the adsorption of hydrocarbon vapor of the films.  Furthermore, 
they arguably stated that the heating may open the membrane structure and result in a 
slight increase of permeability, which is contrary to many studies of the annealing 
effect on membrane performance (Yavorsky and Spencer, 1980; Chan and Paul, 1980; 
Moe et al., 1988) because as we previously discussed annealing can be viewed as a 
certain form of physical aging which tends to densify the polymers chains thus reduce 
the free volume and gas permeation property.  To shed light on the puzzle of the 
hydrocarbon contamination issue, Nagai et al. carried out exhaustive control 
experiments as in table 2.1 (Nagai and Nakagawa, 1995).  They found that: 1) physical 
aging did exist because even when the oil free pump was used an O2 permeability loss 
of about 31% for the aged sample was observed; 2) the most significant O2 
permeability drop, which is about 91% was found for the results obtained without 
connecting a liquid nitrogen cold trap in between the permeation apparatus and the oil 
rotary pump; 3) the permeability loss was restrained (about 72%) but still higher than 
that of the sample using the oil free pump, and furthermore even placing a column 
filled with PTMSP helped mitigate the permeability loss (about 49%).   They further 
interpreted that the adsorbed oil vapor might act as an accelerator of physical aging 
rather than merely as a filler of free volume. 
Table 2.1 Effect of vacuum oil vapor on the O2 permeability coefficient of PTMSP 



















Membrane-cold trap-oil rotary pump
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Nonetheless, the effect of both the oil vapor contamination and the physical aging is 
evident for the dense membranes of this high free volume polymer.  Besides PTMSP, 
extensive efforts were put in the study of the effect of physical aging, specifically, on 
the permeation property of asymmetric membranes and hollow fiber membranes (Lin 
and Chung, 2000; Chung and Teoh, 1999; Chung and Kafchinski, 1996; Pinnau, 1991; 
Chung and Kafchinski, 1996; Mazur and Chan, 1982) and dense membranes (Stern et 
al., 1965; Lin and Chung, 2001; Kapur and Rogers, 1972; Coady and Davis, 1982; 
Kim, 1988; Zhou et al., 2003; McCaig and Paul, 2000; McCaig et al., 2000; Pfromm 
and Koros, 1995; Dorkenoo and Pfromm, 2000; Rezac et al., 1993; Rezac, 1995; 
McCaig and Paul, 1999) of various polymers.  One can easily picture that as a result of 
physical aging, the diffusion coefficient and permeation coefficient decrease, the 
permselectivity increases because of the densification of polymer chains and the 
reduced free volume.  For instance, in Yampol’skii et al.’s work (Yampol’skii et al., 
1993a), for the dense films that aged for 4 years, the diffusion coefficient dropped as 
much as 2 orders, the permeability even decreased for about 27 folds, and the 
selectivities for both H2/N2 and O2/N2 all increased.  Furthermore, the increase of 
density was found to be 20-30%, which is apparently close to the free volume fraction 
reported.  This is an extreme example of the extraordinary high free volume polymer 
that is believed to be prone to densify and undergo free volume collapse.  For the 
ordinary glassy polymer such as cellulose dense films (Coady and Davis, 1982), only 
20% percent loss in gas permeability after 2 years; and for 6FDA-Durene polyimide 
films (Lin and Chung, 2001), a 36% reduction in O2 permeability and less than 10% 
O2/N2 permselectivity gain after 280 days storage were reported.  Thus far, it is 
necessary to point out that the aging experiment time scale is almost as important as 
physical aging itself.  The segmental relaxation times vary from polymer to polymer, 
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so does the aging spectrum.  For example, we might probably need only days to 
observe the noticeable aging effect of PTMSP (Nagai and Nakagawa, 1995), but it 
might take years to see the noticeable aging effect of other materials.  Meanwhile, all 
the dense films of different glassy polymers discussed above, the thickness is 
apparently in the order of tens or hundreds of micrometers, which can be termed as the 
bulk sample films.  Surprisingly, compared with the bulk films, the hollow fibers or 
asymmetric membranes of glassy polymers with an ultra-thin selective layer obviously 
have shorter aging time scale than that of the dense bulk films.  For instance, for a 
same glassy polyimide, a 36% reduction in O2 permeability after 280 days storage 
were reported for the dense films (Lin and Chung, 2001), while hollow fibers of this 
polymer takes about 30 days to reach about 35.7% loss in permeance and subsequently 
the permeance value levels off at extended observation time from 30 days to 140 days 
(Lin and Chung, 2000). 
 
Obviously, the difference of the physical aging behavior might be dependent upon the 
sample thickness, as reported by other researchers (Dorkenoo and Pfromm, 2000; 
Zhou et al., 2003; McCaig and Paul, 2000; McCaig et al., 2000; Pfromm and Koros, 
1995; Dorkenoo and Pfromm, 2000; Rezac et al., 1993; Rezac, 1995; McCaig and Paul, 
1999) that there is an accelerated physical aging process for thin films at the grade of 
micron or sub-microns.  In fact, it has been much debated in literature regarding the 
question that whether the physical aging of glassy polymer is sample size-dependent.   
Since the pioneer works of Kovacs (Braun and Kovacs,1963; Kovacs, 1958), out of 
which the researcher found no size dependence for powdered and bulk polystyrene, a 
growing number of researchers discovered evidences for the size-dependent physical 
aging in the works cited above. As a typical example shown in figure 2.6 (McCaig and 
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Paul, 2000), McCaig and Paul demonstrated an obvious size-dependent permeability 
decay of glassy polyarylate as a function of testing time, and the degree and rate of 
permeability loss were found to be dependent upon the film thickness, i.e. the 
permeation coefficients of O2 were found to decrease drastically for thin and 
intermediate films (0.25µm to 0.99µm) while less significant phenomenon was found 
for thick films (4.4µm and thicker)over the time scale of observation.  Another aging 
study of thin PTMSP films (Dorkenoo and Pfromm, 2000) not only reported the 
accelerating aging process of thin films but also helped clarify the questionable 
discussions of physical aging.  The important concept of the experiment time scale in 
aging study is clearly exhibited in figures 2.7-a and 2.7-b (Dorkenoo and Pfromm, 
2000): the N2 permeability of an 85µm PTMSP thick film does not show any sign of 
decrease for about 300 hours, however, on the same time scale, there is a steep loss of 
N2 permeability (from above 800 Barrers to less than 300 Barrers) for the thin film of 
1µm and comparably less significant decay for the film of 3µm.  In the meantime, the 
He/N2 selectivity of the 1µm thin film was found to be increasing from about 1 to 4.  
 
Besides the recommendable presentation of the facts of an accelerated physical aging 
process of thin films, they proved the feasibility of standardizing heat history, the 
necessity of avoiding pump oil contamination in the aging study of glassy polymers.  
As discussed in the previous sections, the polymer chains are able to reach the 
equilibrium conformation without significant kinetic delay and spatial hindrance at a 
temperature above Tg, and the chain conformation is thermodynamically stable.  When 
the polymer is quenched from this state quickly to somewhere far below its Tg, the 
equilibrium state of polymer chains will be mainly frozen into a real glassy state 
compared with the slow cooling process whereby the polymer chains continue to 
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densify during the cooling process, so long as this quenching interval is far less than 
the relaxation time of segments/chains to reach the stable conformation for a 
temperature change, which might be in the orders of minutes or hours as compared to 
10-10 second due to cooperative relaxation of chains instead of a single molecule 
(Matsuoka and Hale, 1997).  By quenching the polymer from above Tg, we can 
virtually obtain a real starting point of the physical aging process.  Furthermore, from 
the above discussion, we can still notice another important feature of physical aging: 
the physical aging process is a thermo-reversible process that has been theoretically 
and experimentally proven (McCaig and Paul, 2000). 
 
Figure 2.6 Effect of aging time, t, on the oxygen permeability coefficients for BPA-
BnzDCA films of the following thickness (McCaig and Paul, 2000): 
(○) 33, (■) 28, (◇) 9.7, (▲) 4.4, (▽) 1.85, (●) 0.99, (□) 0.74, 
(◆) 0.58, and (△) 0.25 mm 
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 The fact that physical aging of glassy polymer might be the main consequence of the 
reduction in free volume and the densification of segments or chains, which results in a 
large-extent elimination of the Langmuir sites from the aged film samples (Pfromm, 
1994; Nagai et al., 1999) raises a possibility to slow down the aging process by 
introducing cross-linkages between the polymer chains.  Efforts have been directed to 
examine how cross-linking affects the physical aging of thin and intermediate films of 
glassy polymers, as reported by Paul and Chung et al.. The UV cross-linking 
significantly slowed the rate of physical aging of benzophenone-based polyacrylates 
films about 2 micron meters thick , but could not completely stop the aging (McCaig 
and Paul, 1999).  Chung et al. (Zhou et al., 2002) noted that the surface chemical 
modification introduced by p-xylenediamine on the thin film results in a retarded aging 
process and a suppressed plasticization behavior found for the polyimide thin films, 
which is believed to be the main consequence of the significantly increased chain 
rigidity and the higher cross-linking degree (higher ration of surface volume ratio) 









Figure 2.7-a, 2.7-b The N2 and He/ N2 permeability coefficients as a function of 




Extensive works have shown the common interest to quantify the free volume change 
during glass transition and physical aging.  However, any attempt to universally apply 
a certain model to quantify and define free volume in those processes, exploiting 
measurable quantities, has always been challenging enough, and in most cases turns 
out to be self-inconsistent.  Specifically to the interest of this research, there are very 
few models to theoretically describe the free volume decay during the physical aging 
of glassy gas separation membranes.  Available models are offered by Paul, Pfromm, 
and Chung et al. (Zhou et al., 2003; McCaig et al., 2000; Dorkenoo and Pfromm, 
2000), future works in quantifying the change of free volume using new experimental 
approach are keenly needed. 
 
2.1.4 Experimental techniques in physical aging study of glassy 
membranes 
 
From the above citations of gas separation membranes, it is quite clear that physical 
aging can be manifested by the gas permeation test, which is capable of discriminating 
the difference in size down to sub angstrom such as the difference of O2 and N2 
molecules.  In other words it is sensitive to the subtle change of free volume during 
aging.  Besides the gas permeation test, which is the most widely used tool in 
membrane research, there are still other useful techniques to determine the micro-scale 
and macro-scale properties of glassy polymers.  This thesis does not intend to cover all 
the possible experimental means in the research of glassy polymers, but instead to 
outline two major categories of feasible characterization methods in membrane 
research with regards to: 1) the ultimate result of physical aging, i.e. the densification 
of micro-scale structure, the reduced free volume and changes in its distribution, and 
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conformational changes, such as Mechanical properties, Differential Scanning 
Calorimetry (DSC), Positron Annihilation Lifetime Spectroscopy (PALS) and 
Dielectric Analysis (DEA); 2) the molecular mobility/motion, such as Solid State 
Nuclear Magnetic Resonance (NMR), Probe techniques such as Electron Spin 
Resonance (ESR). 
 
2.1.4.1 Mechanical properties, DSC, and PALS 
 
Some excellent papers and reference books on the effect of physical aging on 
mechanical properties by some researchers are available (Struik, 1978; Struik, 1977; 
Cizmecioglu et al., 1981; Matsuoka, 1981; Struik, 1988; Vleeshouwers et al., 1989; 
Hutchinson, 1995).  In this thesis, we will direct our discussion merely to the effect of 
physical aging on viscoelastic response, a property as the function of molecular 
mobility, in the linear region (low strain region), which means that there will be no 
complicated interaction between the experimental factors such as creep, and stress 
relaxation and the micro-scale structural state of the material.   
 
The general picture that the physical aging will reduce the free volume and molecular 
mobility, thus the reduction in the creep or increase the stress relaxation for identical 
times can be readily anticipated.  A typical creep curve is presented in figure 2.3 by 
Struik (Struik, 1978).  There is, however, a cautious issue that needs to be addressed in 
the discussion of low strain region viscoelastic mechanical response to guarantee the 
validity of results: the micro-structure without a doubt will be changing during the 
aging process, the above presumption holds only if the duration of the creep test time 
is shorter than the aging time, thus one can say the structure will not be changed by the 
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test itself should it be used to characterize the effect of physical aging (Hutchinson, 
1995).  In this case, the usual procedure is to limit creep time below one tenth of the 
sample aging time as shown in figure 2.3, which represents the typical and major result 
of Struik’s works: the isothermal volume contraction or isothermal aging behavior of a 
wide variety of materials including polymers, metals, and others.  He came to the 
conclusion that the most important characteristic of the effect of physical aging on the 
mechanical properties, i.e. the superimposability discussed in the earlier section of this 
article, is somehow a universal phenomenon.  However, Hutchinson (Hutchinson, 
1995) pointed out that the horizontal shifts of the creep curves do not match perfectly 
to form the so called master curve though the reason for it is not clear.  Further effort is 
needed to clarify this ambiguity. 
 
DSC measures the specific heat as a function of temperature at constant heating rate.  
The literature of the application of DSC in polymeric materials is voluminous.  It is 
found very useful in the research of enthalpy relaxation and physical aging of 
polymers (Tant and Wilkes, 1981; Hutchinson, 1995; Petrie, 1972; Petrie, 1997; 
Hutchinson et al., 1999; Kuo and Woo, 1997; Jong et al., 1997; Mijovic et al., 1994).  
Most of them are somehow phenomenological observations.    As discussed earlier on, 
the cooled polymer will attempt to approach the equilibrium state below Tg.  When 
approaching to the equilibrium state, the polymer chains will reach a more densified 
and ordered glassy conformation, thus will release energy (△enthalpy), which is also 
known as the thermodynamic driving factor of physical aging.  The so called “enthalpy 
relaxation” is the result of physical aging, which is well known to appear as an 
endothermic peak on top of the base line shift-up due to the drastic change of specific 
heat around the glass transition area, as clearly shown in figure 2.8-a, b (Petrie, 1997).  
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The enthalpy – temperature plotting is presented in figure 2.8-a, whilst the specific 
heat vs temperature is presented in figure 2.8-b.  As shown by a dashed line in figure 
2.8-a, the sample is cooled from Tg to a temperature TA at the rate of r1, then is held at 
TA to undergo annealing/physical aging.  During this process, the enthalpy will be 
reduced from Hf to HE.  If the sample is to be heated up to Tg at the rate of r1, the 
sample (or the conformation of chains) needs extra energy to go back to the previous 
conformation before aging due to the increase of segmental mobility around Tg, thus 
experimentally a endothermic peak will show up as in figure 2.8-b. 
 
Figure 2.9 (Hutchinson et al., 1999) exhibits another typical DSC result of the aged 
polymers.  It is characteristic in a way that there is a shift of the peak position to higher 
temperature and an increase of area of the endothermic peak as the aging/annealing 
time proceeds, which can be interpreted as the result of the so called “local ordering” 
of the chains during the aging process (Struik, 1978).  Nonetheless, Hutchinson 
(Hutchinson, 1995; Hutchinson et al., 1999) found a linear dependence of the peak 
temperature and the enthalpy loss on logarithmic aging time scale, whereby the 
dependence of peak temperature is determined by the degree of non-linearity of the 
relaxation behavior of polymers (Hutchinson, 1995; Kovacs et al., 1979; Ramos et al., 
























Figure 2.8-a, 2.8-b Schematic diagram of thalpy and corresponding specific heat 
changes for annealed (dashed line) and unannealed (solid line) glasses  







Figure 2.9 Heating scans at 10 Kmin-1 for polycarbonate samples cooled at the 
rates indicated and immediately reheated in the DSC (Hutchinson et al., 1999) 
(Only a part of the complete scan from 60 to 160 oC is shown here for clarity) 
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 The correlation of free volume and the molecular relaxation of glassy polymers has 
been well studied and established by PALS (Nakanishi et al., 1989; Nakanishi and 
Jean, 1991; Davis and Pethrick, 1994).  Subsequently, it was widely applied in the 
research of the physical aging process (Yampol’skii et al., 1993a; Hutchinson, 1995; 
Yampol’skii et al., 1993b; Davis and Pethrick, 1998; Pethrick and Davis, 1998; 
McGonigle et al., 2000).  PALS makes use of the annihilation of the positron e+, i.e. 
the antiparticle of the electron e, to obtain the structural information on the free 
volume and defects.  When the positron enters the polymer entity, it will either directly 
annihilate by coupling with an electron or form the positronium atom Ps and then 
subsequently annihilate.  It is believed that before annihilation positrons are mainly 
localized in the ordered regions while positronium atoms are localized in disordered 
regions (Yampol’skii et al., 1993b). The difference in annihilation lifetimes thus 
enables the acquisition of information of the free volume and the intensity of the 
associated elements in ordered and disordered regions.  There are two types of 
positronium, the para-positronium (p-Ps) and the ortho-positronium (o-Ps).  Typically, 
the life time spectrum can be fitted by a least-square program to extract individual life 
time components (τi) and the corresponding intensity (Ii), where i stands for different 
component.  τ3 and I3, the long living lifetime component, are the characteristics of o-
Ps, which are the most important component in polymer research because τ3 is 
proportionally related to the free volume cavity/size, and I3 is related to the number of 
the annihilation sites of o-Ps.  More specifically to membranes research, it was shown 
in previous study that gas diffusion takes place in the sites described by τ3 and I3 
(Yampol’skii et al., 1993a).  Thus, the combinational information of τ3 and I3 provides 
the change in free volume size and its distribution of the aged film samples.  Table 2.2 
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(Yampol’skii et al., 1993a) clearly shows how τ3 changes during physical aging: 
reduction in τ3 was observed, which suggests that both the size of free volume decrease 
as a result of the densification of chains induced by physical aging.  In the mean time, 
a reduction in both τ3 and I3 were reported by Pethrick et al. (Davis and Pethrick, 1998; 
Pethrick and Davis, 1998).  However, questionable results were also reported by other 
researchers (McGonigle et al., 2000; Kluin et al., 1993; Hasan et al., 1993).  For 
instance, the PALS results of PET aged samples fail to show significant free volume 
changes upon aging as observed by Jenkins et al. (McGonigle et al., 2000).  As a 
matter of fact, the feasibility of applying PALS in physical aging study is still being 
debated in literature (Hutchinson, 1995; McGonigle et al., 2000) probably due to the 
charging effect, the radiation exposure of the samples, and the treatment of lifetime 
components.  But nonetheless, PALS has been proven to be a very useful tool in free 
volume research though more knowledge and careful interpretation of the data are to 
be further improved in the case of physical aging.  
 
Table 2.2 Lifetime spectrum parameters of PALS for PTMSP films  
(Yampol’skii et al., 1993a) 
 























2.1.4.2 Solid state NMR and ESR 
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A general picture of the effect of physical aging would be anticipated to result in 
decreased molecular mobility as discussed earlier on.  Solid state 13C NMR technique 
has been proven to be very useful in the “in-situ” monitoring of the internal molecular 
motion of polymer membranes as it does not change the formation of membranes.  The 
detailed description of the mechanism of solid state NMR is omitted here for the 
purpose of concision, and interested readers can access the reference books by Koenig 
and Homan (Koenig, 1992; Homans, 1992).  In short, the measures of solid state 13C 
NMR technique gives three parameters, T1, T1ρ and T2, representing the spin-lattice 
relaxation time at Larmor frequency (MHz), the spin-lattice relaxation time in the 
rotating frame, and the spin-spin relaxation time, separately.  The most important 
parameter is T1, which involves a loss of energy by the excited nucleus to the 
surrounding environment or lattice (Koenig, 1992; Homans, 1992).  The effect of 
physical aging on the molecular motion of the membranes is clear exhibited by the 
result of Nagai, and Separovic et al. (Separovic et al., 2001), where in the study of the 
physical aging of the thin coating of polyesters the authors concluded that the 
molecular motion of main-chain C molecules will decrease as the physical aging and 
the compaction of polymer proceeds, and the work by Nagai et al. (Nagai et al., 1999), 
where in the study of PTMSP membrane for gas separation the authors observed that 
the molecular motion of main-chain carbons decreased but the motion of side-chain 







Table 2.3 Solid state NMR results of aged and original PTMSP films  
      synthesized from different catalysts (Nagai et al., 1999) 









Cb [s] Cc [s] Cd [s]
Initial    AgedInitial    Aged Initial    Aged
2.4          2.4 5.9           6.4       18.9       26.1      17.8     27.9
2.3          2.8          5.8           5.6       22.2       27.4      21.9       25.2
2.6          2.6 5.2          5.0       25.6       25.9      27.7     26.2
*Repeat unit structure: CbH3 – Cd =Cc – Si(CaH3)3
 
Being different from the direct measurement of the molecular motion of polymers 
during the process of physical aging, some probe techniques, i.e. the indirect means 
such as ESR (Hutchinson, 1995; Bartos et al., 1990), probe fluorescence (Hutchinson, 
1995; Royal and Torkelson, 1993; Hooker and Torkelson, 1995), photochromics 
(Yampol’skii et al., 1993; Victor and Torkelson, 1987; Royal et al., 1992), and probe 
reorientation detection (Hampsch et al., 1990; Dhinojwala et al., 1994; Hwang et al., 
2000) are used to extract the micro-scale structural information (some works were 
engaged in monitoring the effect of physical aging) from different state of the probes 
added and coupled in polymers at low concentration, which imply the direct 
application in research of either cast or spun membranes.  In this monograph, we will 
only focus on the application of ESR in the physical aging research.   
 
By dispersing small and rigid probe molecules such as 2,2’6,6’-tetramethyl-piperidine-
1-oxil (TEMPO), ESR can indirectly monitor the local polymer motions by examining 
the rotation times of the probes.  It has been widely accepted the effectiveness of this 
technique because it was established that the rotation of the probe molecules is 
significantly coupled to the local polymer motion that is characteristic of physical 
aging, thus the information on free volume can be easily obtained.  What will typically 
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be resulted in ESR when the physical aging process is initiated is reported by Bartos et 
al. (Bartos et al., 1990): there is a distribution of the correlation/rotation time of the 
probes, which reasonably suggests a wide distribution of free volume as we have 
previously discussed earlier on, and the rotational frequencies are much higher in the 
fresh samples than in the aged samples, indicating a depression of the molecular 
motion as a result of physical aging.  But till now, a more sensitive and accurate 
quantitative analysis of ESR data is still needed. 
 
2.2 CO2 plasticization and anti-plasticization of gas separation 
membranes 
2.2.1 CO2 plasticization 
 
As mentioned in the previous section, for inert gases such as O2 and N2, a typical trend 
of decreasing permeability with increasing permeation pressure is commonly observed 
because of the saturation of Langmuir sites.  However, this does not hold for highly 
sorbing gases such as CO2.  The plasticization phenomenon of glassy polymers can be 
identified as a minimum in the relationship between the permeability and the feed 
pressure. The pressure corresponding to the minimum is called the plasticization 
pressure (Bos et al, 1999). The CO2-induced plasticization is generally thought to be 
due to the swelling of chain segment in polymeric membranes rooted by the sorption 
of high amount of CO2, which enhances the flexibility of polymer chain segments. As 
a result, the CO2-induced plasticization not only accelerates the diffusion of penetrants, 
but also it severely deteriorates the gas permselectivity of CO2 over other gases.   
 
Most commercialized gas separating membranes have an asymmetric cross-sectional 
morphology that contains a thin dense selective layer and a supporting porous layer 
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because of the advantages of high gas permeance and nearly intrinsic gas selectivity.  
Similar but severer CO2-induced plasticization phenomena were observed for 
asymmetric membranes (Jordan et al., 1990; Chung and Teoh, 1999; Wessling et al., 
2001; Pfromm, 1994).  For instance, Pfromm et al. (Pfromm, 1994) examined the 
polysulfone asymmetric membranes and found that the CO2 permeation coefficient 
increases with the elevation of feed pressure.  To the best of our knowledge, only two 
studies are engaged in the plasticization thin dense films: Wessling (Wessling et al., 
2001) studied the double-layered composite Matrimid membranes and suggested that 
an accelerated plasticization phenomenon for thin films is obvious, however their 
works were based on the indirect study of thin films and no explanation was given to 
clarify the observation; while Pfromm et al. (Pfromm, 1994) observed no significant 
difference in pressure dependency for thin and thick aged dense films.  This difference 
in the plasticization behavior of thick dense films and the asymmetric membranes and 
the ambiguity of the direct and indirect thin film study in literature have motivated us 
to conduct the direct thin film plasticization studies, and as a result strikingly different 
plasticization behaviors of films of different thickness and possible mechanisms are 
presented here. 
 
2.2.2 The suppression of CO2-induced plasticization 
 
Since in CO2 separation, CO2-induced plasticization is an inevitable issue to influence 
the gas performances of most polymeric membranes under the condition of CO2 with 
high pressure, to improve the resistance of polymeric membranes to plasticization 
caused by CO2 is a focus in current research. 
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Cross-linking modifications of polymer membranes have been proven to be an 
effective method to improve anti-plasticization characteristics. The cross-linking 
modifications can be carried out by diverse methods such as thermal treatment (Bos et 
al, 1998a), ion beam (Won et al, 2000) and UV irradiation (Liu et al, 1999; Wright and 
Paul, 1997; Hayes, 1988; Kita et al, 1994; Matsui et al, 1997) and chemical reaction 
(Staudt-Bickel and Koros, 1999; Liu et al, 2001). Extensive explorations demonstrate 
that the two methods, thermal treatment and photocrosslinking, though render 
marvelous anti-plasticization properties to polymeric membranes, have their 
drawbacks such as relatively long heat treatment time and complication of uniform 
application to cylindrical fibers, thus limit their potential for the modification of 
hollow fiber membranes. In addition, heat treatment at an elevated temperature not 
only damages the subtle structure of asymmetric membranes, but also creates other 
issues and complexity in continuous manufacture of hollow fiber membranes. The 
disadvantage of photochemical cross-linking reaction is its susceptivity to the 
experimental conditions, such as irradiation time or/and the type of mercury lamp. 
Envisioning the foregoing, this study seeks to put forward a much ideal and practical 
chemical cross-linking modification for hollow fiber membranes, which can be 
accomplished at room temperature.   
Recently, a novel chemical cross-linking method for polyimide membranes has been 
discovered in our lab. Simply by immersing the 6FDA-based polyimide membrane 
into a p-xylenediamine/methanol solution for a certain period at ambient temperature, 
the chemical cross-linking reaction takes place between polyimide and p-
xylenediamine. This method has been successfully applied in modifications of 6FDA-
durene dense films and dual-layer hollow fibers consisting of a 6FDA-durene/mPDA 
(50:50) as the outer selective layer and a polyethersulfone as the inner supporting layer 





The experimental works involved in this research have been listed below as five parts: 
(i) Material synthesis and preparation of dense films; 
(ii) Permeation measurements of 6FDA-Durene polyimide dense membranes; 
(iii) Thickness acquisition by Scanning electron microscope (SEM); 
(iv) Aging monitoring and CO2 plasticization experiments of 6FDA-Durene dense 
membranes; 
(v) Chemical cross-linking modification of 6FDA-Durene dense membranes for 
the improvement of the resistance of CO2-induced plasticization and 
suppressed aging process.  
Further details of the above experiments are individually illustrated in this chapter. 
 
3. 1 Material synthesis and preparation of dense films 
3.1.1    Materials 
 
Durene diamine (2,3,5,6-teramethyl-1,4-phenylene diamine) was recrystallized from 
methanol before use.  6FDA (2,2’-bis(3,4-carboxylphenyl)hexafluoropropane 
dianhydride) was sublimated after received.  Following drying with molecular sieve, 
NMP (N-methyl-pyrrolidone) was distilled at 42 oC under 1 mbar.  Other reagents, p-
xylenediamine, THF, dichloromethane and methanol were used as received. 
 
The 6FDA-Durene polyimide was synthesized by a solution polycondensation reaction.  
Firstly, a 6FDA and Durene diamine solution of NMP mixture was prepared, and 
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allowed to react for more than 20 hours at room temperature under argon environment.  
Then the imidization was performed by slowly adding in triethylamine and acetic 
anhydride into the solution.  The polymer was dried at 150 oC under vacuum for 24 
hours after precipitation from methanol.  Figure 3.1 shows the chemical structural of 
6FDA-Durene polyimide.  
 
 
Figure 3.1 Chemical structure of 6FDA-Durene polyimide 
 
3.1.2 Preparation of dense membranes 
 
All the dense films were obtained by a solution casting method.  The 6FDA-Durene 
polyimide was reheated to 120 oC under vacuum to get rid of the moisture before use.  
For thick films (>5µm), solutions with 2% (w/w) polymer were prepared by dissolving 
the polyimide in dichloromethane and further stirred overnight.  For thin and 
intermediate films (0.5－5µm), solutions with different concentrations range from 
0.3% to 0.5% (w/w) were prepared similarly.  The polymer solution was then filtered 
through a Whatman’s filter (1µm for thick films, 0.2µm for intermediate and thin films) 
and cast onto a silicon wafer inside a stainless-steel ring followed by immediately 
cover a glass plate on the top.  After degas over night, a small aperture was made ready 
by putting a small piece of paper under the glass plate to allow slow solvent 
 43
evaporation at room temperature.  During the solvent evaporation, films were 
monitored continuously so as to float the films off the plate with deionized water and 
moved onto a highly porous ceramic support base (Whatman AnodiscTM) immediately 
followed by drying the samples. 
 
3.1.3 Drying procedure and thermal history 
 
A detailed description of the drying procedure for thick films (>5µm) can be found in a 
previous publication from our laboratory (Lin et al., 2000).  For the intermediate and 
thin films (0.5－5µm), to ensure a complete removal of solvent, different drying 
procedure but similar to the method proposed by Pfromm (Pfromm and Koros, 1995) 
and McCaig (McCaig and Paul, 2000) was adopted.  It should be pointed out that there 
is no intrusion or constrain between the film and the ceramic support ceramic base as 
we could easily separate them by simply lifting the film off the support layer, and the 
SEM pictures, which will be outlined in a latter part, provided persuasive evidence of 
this.  More importantly, the ceramic disk merely serves as a supporting base as the 
resistance was found to be highly negligible by applying the Resistance Model to our 
composite membrane (thin film supported by ceramic base).  Then, the films with the 
ceramic support were put in the oven to dry at 60oC under vacuum for 24 hours.  A 
cold-trap was set up to prevent the problem of pump oil vapor back-diffusion. 
Subsequently, the temperature was increased from 60 oC to 250 oC at a heating rate of 




It is well known that the relaxation of glassy polymer is a strongly heat-history 
dependent process since the presentation of the classical phenomenological study of 
the glass transition in amorphous polymers by Kovacs (Kovacs, 1964).  The physical 
aging of glassy polymer is therefore strongly related to the heat treatment of the 
samples.   The standardization of thermal history of all the samples has become a must 
to avoid any ambiguous effects of the heat treatment.  This can be achieved by simply 
heating the samples up to above the glass transition temperature followed by 
quenching, which can be defined as the starting point of the aging process proposed by 
other researchers (McCaig and Paul, 2000; Pfromm and Koros, 1995; Lin and Chung, 
2001).  However, not only because of the high glass transition temperature (the Tg is 
about 450oC) of 6FDA-Durene and the limitation of our vacuum oven, but more 
importantly due to the high possibility of thermal cross-linking when our polymer is 
heated up to above 350 oC, we did not heat the samples up to above the glass transition 
temperature.  This does pose a problem for the establishment of the starting point for 
the aging process studied here.  However, after some try-out experiments on thick 
films, we found that the thick films hardly aged or the aging rate was tremendously 
small within our observation time scale.  Therefore, we defined the moment when the 
solvent evaporation ended as the starting point of the aging process for all the samples.  
As the thin and intermediate films underwent an identical sub-Tg annealing procedure 
described above, this therefore provides a basis to trace their starting-points of aging 
process back to those of thick films because the thick films literally do not age in the 
observation duration, basing on the results of Paul et al. (McCaig and Paul, 2000) that 
the value of permeability coefficient for the original or nascent thin films is very close 
to those found for thick films.  Our results will be further discussed in details in the 
following section. 
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 3.2 Permeation measurements  
 
The pure gas permeation coefficients of a dense membrane were measured by using a 
variable-pressure constant-volume method. The schematic diagram of dense 
membrane gas permeation test apparatus is shown in Figure 3.2 (Lin and Chung, 2001; 
Lin et al, 2000; Chung et al, 2001a; Liu et al, 2001). The permeation cell is separated 
into two compartments, upstream and downstream sides, by a dense membrane. The 
upstream side consists of a feeding valve, a pressure gauge and a storage bottle to 
provide sufficient feed gas with constant pressure during experiments. The whole 
permeation cell apparatus except the vacuum pump is housed in a thermostable 
chamber. For each permeation measurement of a new dense membrane, the whole 
system should be vacuumed for at least 24 h to remove the residual air or other gases 
in system and the moisture and air sorbed in dense membrane. Once a testing gas with 
constant pressure is fed to the upstream side, the increase in pressure of downstream 
side will be directly monitored by a Baratron® (MKS instruments, Inc., USA) pressure 
transducer and recorded by a computer connected with a data shuttle (Workbench PC 
for windows-v5.01.14). During the whole the experiment, the pressure of downstream 
side was always below 10 mm Hg in order to neglect the influence of the rising 
downstream pressure on the pressure drop (driving force) across the dense membrane. 
A typical curve of the relationship between downstream pressure and testing time in 
permeation experiment is shown in Figure 3.3, from which the increasing rate of 
downstream pressure,
dt
dp , and the time lag (θ) can be obtained. 
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The gas permeation coefficient can be calculated from Eq. (3.1) when the permeation 













  V 10  273.15  P
2
10 l                                                                                  (3.1) 
where P is the permeation coefficient of a dense membrane for a curtain specie of gas 
and its unit is in Barrer (1 Barrer = 1 × 10−10 cm3 (STP)-cm/(cm2 sec cmHg)), V is the 
volume of the downstream chamber (cm3), A refers to the effective area of the 
membrane (cm2), T is the experimental temperature (K) and the pressure of the feed 
gas in the upstream chamber is given by P2 (psia). dp/dt  is the pressure increasing rate 



















































49                                Figure 3.2. Schematic diagram of dense membrane gas permeation test apparatus
 
 3.3 Thickness acquisition by Scanning electron microscope (SEM) 
 
To our knowledge, the actual thickness information of the thin films has always been a 
serious obstacle due to the small amount and fragile nature.  Most works on the 
thickness acquisition in the literature referenced above documented the traditional 
calculation methods, exploiting the mass balance and the assumptions that the 
thickness is somehow uniform throughout the tested area and the density of thin films 
does not differ greatly from that of thick films, or just using the apparent thickness 
calculated from the observed permeance p/l for the asymmetric membranes.  However, 
a small deviation error of the value of thickness might induce quite significant error in 
calculating the permeability coefficient for thin films.  Therefore, we employed an 
effective method by using SEM to get the real tested film thickness.  The procedure is 
outlined as follows.  A small tested area, obtained by masking a circle area with a 
diameter of 2mm off the film sample supported by the ceramic base using a piece of 
aluminum foil pre-punched by a sharp steel puncher, was used for all the samples.  
Following the completion of all the tests, the sample was taken out from the 
permeation cell and immersed in liquid nitrogen for more than 10 minutes and finally 
fractured along the radial direction of two small cuts, which were set prior to the SEM 
sample preparation.  The ceramic support was readily lifted away from the films.  A 
typical series of SEM pictures of the cross-section of the films has been presented in 
Figure 3.4.  A uniform and non-intruded cross-section of the thin film sample is clearly 
shown.  For samples thicker than 3.5µm, the thickness was measured by using a 





                    
Figure 3.4 A typical series of SEM pictures of a thin film 




 3.4    Aging m FDA-
Durene dense membranes 
3.4.1 The aging experiments 
 
The physical aging process of 6FDA-Durene films with different thickness was 
monitored by the permeation tests of O2 and N2 at 35 C under the pressure of 2 atm.  
The O2 permeation test was firstly conducted, then immediately followed by the N2 
test.  After certain aging time the O2 and N2 tests were tested repeatedly until the 
membrane reached a relative equilibrium state at the experiment time scale.  The film 
samples were kept in the permeation cell that is free of light at 35 C under vacuum. 
 
3.4.2 The CO2 plasticization experiments 
 
The detailed description of the apparatus (permeation cell) design and testing 
conditions of O2 and N2 has been discussed earlier on.  The CO2 permeation 
experiments from 2 atm to 13 atm were carried out after the film samples reached the 
relative equilibrium state determined by the aging experiment on the time scale of 
observation, i.e. no significant permeability and selectivity change for O2 and N2 over 
testing time.   
 
3.5    Chemical cross-linking modification of 6FDA-Durene dense 
membranes for the improvement of the resistance of CO2-
induced plasticization and suppressed aging process 




 3.5.1 Mechanism and procedure of the chemical cross-linking 
modification 
 
In the study of thin films here, in order to achieve a considerably higher cross-linking 
degree throughout the thin and intermediate film samples, a higher concentration of the 
cross-linking solution, compared with the previous formula adopted in this laboratory 
(Liu et al., 2001), was prepared by dissolving p-xylenediamine in methanol to a 
concentration of 2% (w/w). After the heat treatment, the 6FDA-Durene films were 
immersed into the cross-linking solution resting on a steel ring for a certain period of 
time, followed by washing with fresh methanol for minutes. After drying in air for a 
few hours, the samples were mounted in the permeation cell for further gas permeation 
tests, while some part of the samples were reserved for later FTIR study. 
 
Figure 3.5 Mechanism of chemical cross-linking modification 
 53
 The detailed mechanism of the chemical cross-linking modification has been shown in 
figure 3.5, whereby the amino groups in p-xylenediamine react with imide groups to 
form amide groups, thus the cross-linking is formed. 
 
3.5.2 FTIR Characterization of cross-linked 6FDA-Durene films 
 
The original and the cross-linked 6FDA-Durene films with different immersion times 
were characterized by a Perkin Elmer FTIR spectrometer to examine the process of 
chemical cross-linking reaction. 





















Figure 3.6 FTIR spectra of 6FDA-Durene Films 
(a) original samples; (b)-(d) samples immersed in 2%(w/w)  p-xylene diamine 
solution for 0.5, 1 and 3 minutes at ambient temperature, respectively 
 
 
The changes of chemical structure of 6FDA-Durene films with different immersion 
time in a p-xylenediamine methanol solution were examined by FTIR, as shown in 
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 Figure 3.6. The characteristic peaks of imide groups are at 1785 cm-1, 1727 cm-1 and 
1380 cm-1, which are associated with different vibration modes of imide group: 
correspondingly, the asymmetric stretching of C=O, the symmetric stretching of C=O 
and the stretching of C-N.  While the characteristic peaks for amide group are at 3340 
cm-1 (broad peak), 1650 cm-1 and 1554 cm-1 attributed to the bending and stretching of 
N-H in the amide group, the asymmetric stretching of C=O and the symmetric 
stretching of C=O.  Clearly, as the immersion time increases, the intensity of the 
characteristic peaks of imide group at 1727 cm-1 and 1380 cm-1 decreases. In the mean 
time, the intensity of the characteristic peaks of amide group at 3340cm-1, 1650 cm-1 
and 1554 cm-1 increases.  As expected, for the sample with the longest immersion time 
(3 mins), the intensity of the characteristic peaks of amide group is the highest, while 
the intensity of those for imide group is the lowest.  The reason why there is still a 
strong characteristic peak at 1727cm-1, even for the sample with the longest immersion 
time, is probably due to the limitation of the mechanism of this cross-linking method, 
which mainly relies on the swelling of the film surfaces by methanol so the p-
xylenediamine molecules can diffuse in to react with the imide group.  One can picture 
that the outer part of the films will react firstly so when the degree is high enough the 
diffusion of p-xylenediamine molecules becomes more difficult and there should still 
be certain imide group unless much longer reaction time is provided. However, for the 
spectra shown, different cross-linking degree induced by different immersion time is 
obvious. 
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  CHAPTER FOUR 
GOVERNING EQUATION FOR PHYSICAL AGING OF 




Hollow fibers of glassy polymers with an ultra-thin selective layer have been 
extensively employed for large-scale industrial membrane-based gas separation 
processes because of the high gas permeance and nearly intrinsic gas selectivity.  
However, the physical aging, characterizing in the drastic gas permeance or flux drop, 
has been commonly observed for polymeric hollow fibers (Chung and Kafchinski, 
1996; Chung and Teoh, 1999; Pinnau, 1991; Rezac et al., 1993).  Our works were 
tailored to examine the aging profile of 6FDA-Durene polyimide dense films with 
different thickness, thus to correlate the aging of hollow fiber containing a thin and 
dense selective layer with the aging of dense films of comparable thickness.  More 
importantly, we attempted to add new understanding on the evolution of glassy 
polymers towards equilibrium state by putting forward a simplified but novel half-
quantitative equation to directly describe the relationship between the gas permeation 
coefficient and the aging time for film samples from the standpoint of segmental/chain 
mobility. 
 
Physical aging of glassy polymers originates from the non-equilibrium nature, which is 
associated with the reduction of free volume frozen in below the glass transition 
temperature (McCaig and Paul, 2000; Hutchinson, 1995; Kovacs et al., 1979; Bartos et 
al., 1990; Chan and Paul, 1980; Chow, 1984).  As an example, 
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 poly(trimethylsilylpropyne) [PTMSP], known as a glassy polymer with an extremely 
high excess free volume, has been reported to undergo rapid decrease of free volume 
and permeability over time (Dorkenoo and Pfromm, 2000a; Pinnau et al., 1997; Nagai 
and Nakagawa, 1995; Langsam and Robeson, 1989).  In literature, there are arguably 
two mechanisms to explain such glass state volume relaxation phenomenon, namely 
the free volume diffusion and the lattice contraction (Curro et al., 1982; Hirai and 
Eyring, 1958; Alfrey et al., 1943; Kauzman, 1948; Braun and Kovacs, 1963; Simha 
and Somcynsky, 1969; Kovacs, 1958).  As firstly proposed by Alfrey et al. (Alfrey et 
al., 1943), the free volume in the form of “holes” or “gaps” will diffuse to the surface 
in order to accommodate the volume contraction, which is sample size-dependent.  
Later on, Kauzmann (Kauzman, 1948) argued that a simple hole-diffusion model 
might not be able to cover the whole issue and consequently Hirai and Curro (Curro et 
al., 1982; Hirai and Eyring, 1958) put forward the concept of lattice contraction, where 
the lattice of an amorphous system containing a distribution of holes (free volume) will 
contract uniformly, which results in a non sample size dependent process.   
 
Whether the physical aging of glassy polymer is sample size-dependent has been much 
debated in literature.   Since the pioneer works of Kovacs (Braun and Kovacs, 1963; 
Kovacs, 1958), out of which the researcher found no size dependence for powdered 
and bulk polystyrene, a growing number of researchers discovered evidences for the 
size-dependent physical aging (Rezac et al., 1993; McCaig and Paul, 2000; Dorkenoo 
and Pfromm, 2000; Pfromm and Koros, 1995). For example, McCaig and Paul 
demonstrated size-dependent permeability decay as a function of testing time, i.e. over 
the time scale of observation the permeation coefficients of O2 were found to decrease 
drastically for thin and intermediate films while less significant phenomenon was 
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 found for thick films.  Similar results were observed by Koros et al., Pfromm and 
Pinnau.   
 
Though phenomenological observations are available, suitable models to describe the 
permeability change/physical aging of glassy polymer have lagged behind.  Amongst 
available models put forth from the perspective of free volume diffusion, lattice 
contraction and Tg depression (Curro et al., 1982; Alfrey et al., 1943; McCaig et al., 
2000; Dorkenoo and Pfromm, 2000b), on the basis of diffusion concept McCaig and 
Paul found that the free volume diffuses out in a way whereby the permeability scales 
to t/l2 (where t is aging time and l is sample thickness) as t/l2 progresses while in the 
early stage a non-linear trend is obvious. Here, we derive the equation on the basis of 
segmental/chain mobility to rationalize the gas permeation coefficient changing with 
time. 
 
4.2 Derivation of the proposed equation 
Park and Paul (Park and Paul, 1997) proposed the following equation to relate the 
permeability of a glass polymer with its fractional free volume (FFV). 
)FFVB-exp(AP 11=                                                                                             (4.1) 
where A1 and B1 are constants for a particular gas, and the FFV is defined as 
V)V(VFFV 0−=                                                                                                 (4.2) 
Eq. 4.1 can be further expressed as: 
FFV
BAln Pln 11 −=                                                                                                  (4.3) 
where V is the volume of polymer and Vo is the occupied volume.  For most glassy 
polymers, aging usually takes place at a temperature between Tg and the first β 
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 transition (Struik, 1978), whereby the chain configuration changes continuously via the 
movement of segments.  In polymers the segmental/chain mobility, M, can be related 
to the rate factor for changes in free volume and chain reconfiguration (where
τ
1M = , 
and τ is the relaxation time) (Struik, 1978), which is exactly the origin of the 
permeability decay with time.  Meanwhile, the relationship between mobility, 
fractional free volume and temperature is well accepted to be the following general 
form extracted from most models in the free volume theory (Struik, 1978; Williams et 
al., 1955; Cohen and Turnbull, 1959; Turnbull and Cohen, 1961; Doolittle, 1951; 
Robertson, 1966; Bueche, 1962). 
(T)
FFV
k(T)AMln γ2 φ+−=                                                                                       (4.4) 
where A2 is a constant, k(T)  is a non-increasing function of temperature,γ is a 
positive exponent,φ( T) is an increasing function of temperature.  Eq. 4.4 can be 







1 −+= φ                                                                                    (4.5) 
In the self-retarding aging (relaxation) process, M decreases continuously, as 
suggested for the glassy polymers far from thermodynamic equilibrium by Struik and 
Kovacs (Struik, 1978; Kovacs, 1964) as follows, 
t
B
M 2∝                                                                                                                  (4.6) 
where B2 is a constant and t is the aging time.  Substituting Eqs. 4.5 and 4.6 into Eq. 





ln tBln (T)A[BAln Pln +−+×−= φ                                                         (4.7) 
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 Following the widely referenced models applicable for a large variety of glassy 
polymers by Doolittle, W.L.F., Turnbull, and Cohen (Williams et al., 1955; Cohen and 
Turnbull, 1959; Turnbull and Cohen, 1961; Doolittle, 1951), where empirically γ is 






]Bln A[ABAln Pln 1
3
2321
1 −−+×−=                                   (4.8) 
which can be further expressed as  





]Bln A[ABAln −+×− , and B(T) = 
k(T)
B1− .  This equation suggests 
that permeability and aging time follow a log-log relationship.  In fact, plotting the 
permeability and functioning time on a log-log coordinate system, which is normally 
linear over a long-term time scale, is not new.  A log-log relationship has been 
empirically observed for the long-term performance of asymmetric membranes (Koros 
and Chern, 1987; Mazur and Chan, 1982).  However, unfortunately Eq. 4.9 lacks the 
ability to simultaneously describe the permeability as a function of aging time and 
sample thickness, and can only serve to compare the samples far from thermodynamic 
equilibrium with the B(T) values dependent upon sample thickness.    Note that the 
drawback of the proposed Eq 4.9 is that it becomes numerically meaningless if t 
approaches to 0. However, parameter A is a temperature-dependent constant possibly 
corresponding to the logarithm of approximate reference starting value of permeability 
during the aging process, where t→0 thus τ→τ0 and M→M0, therefore physically the 
original free volume is finite thus the permeability is finite, which can at least clarify 
the unbounded situation in this logarithmic equation.  B(T) is a temperature-dependent 
parameter bearing the physical meaning of “aging rate” at a temperature below Tg, 
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 which hypothetically accounts for the rate of changes in inter- and intra-
chain/segmental packing and configuration during the relaxation and densification for 
different samples. This hypothesis will be furthered validated as discussed in Section 4. 
 
4.3 Results and Discussion  





























Figure 4.1-a O2 permeability vs. aging time for films with different thickness 
 
Figure 4.1-a presents the time dependence of O2 permeability for films with different 
thickness, demonstrating the effect of film thickness on physical aging process of the 
polyimide used.  The starting point of the relative aging time is defined as the moment 
when the heat treatment ends, i.e. after approximate 35 hours sub-Tg annealing as 
shown in X axis of figures 4.1-a.  The oval represents the possible values of “real” 
aging starting points for different samples.  Clearly, for the thick film (45.8µm), the 
permeability values are virtually not changing with time.  For the intermediate film 
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 (4.3µm), a slow and gradual decrease of O2 permeability is observed when compared 
with the more much significant O2 permeability loss as a function of time observed for 
the thin films (1.8µm and 0.5µm).  As the films age, the permeability is approaching to 
an equilibrium value for each film on our observation time scale.  The term 
equilibrium value/state in this context is just meant for the convenience of discussion 
though we realize that the permeability will continue to decrease as the aging time 
extends, as found by Rezac (Rezac et al., 1993) that the aging of a polymer thin film 
will last for years.  Similar trend was found for the change of N2 permeability as a 
function of time for different samples.  Figure 4.1-b further provides an impressive 
evidence of the accelerated aging process in the polyimide thin films, where maximum 
total O2 permeability loss was found for the thin film of 0.5µm studied, and the trend 
of another thin film (1.8µm) is less significant, while for the intermediate and thick 
films, the loss of permeability is very limited.  An accelerating aging process is 
obvious for the intermediate and thin films, which is strongly size-dependent.  
 62


























Figure 4.1-b Percentage change of O2 permeability vs. aging time 















Figure 4.2 The double logarithmic curve of Permeability and Aging time 
for films with different thickness 
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 B(T) vs. -ln(1/l2) has been shown in Figure 4.2.  As mentioned above, the value of B(T) 
should scale as -ln(1/l2) if diffusion concepts were to be applied for the adjustable 
parameter B(T) in Eq. 4.9.  The fitting shows that the trend is clear for the 
corresponding data points.  The deviation might be due to the following differences: 
firstly and most importantly, the scalability of permeability and 1/l2 was reported for a 
“quenching” system (McCaig et al., 2000), in which the heat history of the samples is 
removed and the chains are frozen in a fully relaxed state, the diffusion of free volume 
therefore starts from a maximum state, while in our system all the samples undergo a 
sub-Tg annealing, which have densified the polymer and reduced the FFV (Forrest et 
al., 1996), especially for the thin films; secondly, from the view point of the materials 
studied in both systems, the chain rigidity and conformation of our polyimide in our 
“densifying” system might greatly hinder the change of chain configuration in the way 
it should be to accommodate the change in free volume after the annealing than 
polyarylate.  Nevertheless, since the model put forward here is based on the evolution 
of segmental mobility as a function of time, more specifically Eq. 4.6 will be valid 
when the material is far from thermodynamic equilibrium (Struik, 1978), the non-
linear deviation of B(T) over -ln(1/l2) in Figure 4.2 thus suggests that Eq. 4.9 is more 
suitable in describing the aging behavior of glassy polymers without annealing 
especially for the samples that prone to densify quickly like the thin films.  Table 4.1 
lists the values of constant A and B(T) for films with different thickness plotted in 
Figure 4.3. The values of constant A meaning “starting value” for the four films 
compared are nearly the same, which indicates to some extent that the O2 permeability 
value may be traced back to approximately close starting points after the same sub-Tg 
annealing. Since the constant B(T) can be considered as a parameter associated with 
the thickness and the aging rate, as the sample thickness decreases, the absolute value 
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 of B(T) increases from 0.016 to 0.175, suggesting that the aging rate is inversely 
proportional to the thickness of the sample.  In views of the fact that this equation is 
principally derived from the segmental mobility, this trend may be explained by the 
difference of mobility of polymer segments/chains in thin and thick film samples: the 
mobility of the polymer segment/chain in thin films might be much bigger than that in 
thick films, which can probably be reinforced by the report of the significant decreased 
Tg with the reduction of thickness for thin films (Forrest et al., 1996), so the “aging 
rate” is much faster for thin films.  From another point of view, this trend is consistent 
with the idea of free volume diffusion: the thinner the films, the less time it takes for 
the total amount of free volume to diffuse out from the polymer chains towards both 
surfaces under identical circumstances. 
 








In an up-to-date modified dual mechanism model (McCaig et al., 2000), whereby the 
authors attempted to correlate the permeation coefficient and thickness-normalized 
aging time of polyarylate, huge deviation for the early stage of the aging is still 
obvious.  While as shown in figure 4.2, the aging process of 6FDA-Durene films can 
be described by the proposed simple equation based on the segmental mobility 
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 throughout the aging process, which sets this work apart from those that rely on the 
complicated derivation of the diffusion of free volume and/or lattice contraction.  
However, further systematic studies are needed to fully understand the situation.  It 
seems that this equation is suitable for describing the aging of less flexible polyimides 


















Figure 4.3 The double logarithmic curve of Permeability and Aging time 
for films with different thickness 
 
Figure 4.4 shows the change of ideal permselectivity for O2 over N2 as a function of 
time for films with different thickness.  In good agreement with the permeation data, 
the selectivity of the thickest film studied remains almost unchanged to be around 3.4.  
For all other three intermediate and thin films (4.3µm, 1.8µm and 0.5µm), the 
selectivity values are found to be increasing as the aging time proceeds, and the 




















Figure 4.4 O2/N2 permselectivity vs. aging time for films with different thickness 
 
This is consistent with the change in the permeability data and justifies the alternate 
explanation that the chain-packing density will increase as the samples age.  
Furthermore, since the selectivity values remain close for all the films, it defies the 
possibility that the observed significant permeability loss is due to the existence of 
defects or the residual solvent.  Possible explanation for the moderate change of 
selectivity, not as significant as the change of permeability values, might be that within 
the microscopic entity of the sample, the relaxation/densification of segments/chains 
retard the total passage of different gas molecules, resulting in the reduction of 
permeability coefficient, but the minimum threshold “pass way” to differentiate the 
size difference of gases might not be affected because of the very bulky CF3－ side 
group, therefore an un-affected or slight change of selectivity should be observed. 
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 CHAPTER FIVE 
THE ACCELERATED CO2 PLASTICIZATION OF 
ULTRA-THIN POLYIMIDE FILMS AND THE EFFECT 
OF SURFACE CHEMICAL CROSS-LINKING ON 
PLASTICIZATION AND PHYSICAL AGING  
 
5.1 Introduction  
 
The gas sorption and transport in glassy polymers can be well described by the “Dual-
Mode” model (Paul and Koros, 1976; Koros, 1977), in which the equilibrium sorption 
of gases is the combination of the sorption in Henry’s site (intra-molecular sorption 
site/homogeneous densified polymer matrix described by Henry’s law) and Langmuir 
site (inter-molecular sorption site/“microcavities” or “holes” frozen in the polymer 




′+=+=                                                                                 (5.1)  
where CD and CH denote the gas “dissolved” in Henry’s site and Langmuir site, 
separately, while KD,  and b are adjustable parameters that represent the Henry’s 
constant, the Langmuir capacity factor and the hole affinity constant of a certain 
component, P is the feed gas pressure.  For inert gases such as O
HC′
2 and N2, a typical 
trend of decreasing permeability with increasing permeation pressure is commonly 
observed because of the saturation of Langmuir sites.  However, this does not hold for 
highly sorbing gases such as CO2.  In most cases, the sorbed CO2 molecules are 
believed to be able to swell the polymer matrix, reduce the interaction of adjacent 
 68
 segments and neighboring chains, increase the diffusion free volume, and eventually 
lead to the upward permeability increase and decreased permselectivity upon 
increasing feed pressure, which is defined as the “plasticization” phenomenon 
(Wessling et al., 1991; Chern and Provan, 1991; Chiou and Paul, 1987; Kesting and 
Fritzsche, 1993).  Macroscopically, plasticization results in reduced Tg and increased 
softness and ductility (Ismail and Lorna, 2002; Chiou et al., 1985). 
 
Though extensive works have been carried out for plasticization study, most of the 
observations were obtained from the thick dense films (typically around 50 µm).  For 
example, Bos extensively studied the plasticization behavior of thick dense films of 
commercial polyimide Matrimid 5218 (Bos, 1996).  However because of the 
advantages of high gas permeance and nearly intrinsic gas selectivity, most 
commercialized gas separating membranes have an asymmetric cross-sectional 
morphology that contains a thin dense selective layer and a supporting porous layer.  
Similar but severer CO2-induced plasticization phenomena were observed for 
asymmetric membranes (Jordan et al., 1990; Chung and Teoh, 1999; Wessling et al., 
2001; Pfromm et al., 1993).  For instance, Pfromm et al. (Pfromm et al., 1993) 
examined the polysulfone asymmetric membranes and found that the CO2 permeation 
coefficient increases with the elevation of feed pressure.  To the best of our knowledge, 
only two studies are engaged in the plasticization thin dense films: Wessling (Wessling 
et al., 2001) studied the double-layered composite Matrimid membranes and suggested 
that an accelerated plasticization phenomenon for thin films is obvious, however their 
works were based on the indirect study of thin films and no explanation was given to 
clarify the observation; while Pfromm et al. (Pfromm, 1994) observed no significant 
difference in pressure dependency for thin and thick aged dense films.  This difference 
in the plasticization behavior of thick dense films and the asymmetric membranes and 
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 the ambiguity of the direct and indirect thin film study in literature have motivated us 
to conduct the direct thin film plasticization studies, and as a result strikingly different 
plasticization behaviors of films of different thickness and possible mechanisms are 
presented here. 
 
The plasticization effect can be suppressed by many approaches: physical blending, 
formation of semi-interpenetrating networks, physical cross-linking effect such as 
hydrogen bonding, hyperbranched structure achieved during the film casting process, 
thermal cross-linking, UV cross-linking and chemical cross-linking (Bos et al., 2001; 
Staudt-Bickel and Koros, 1999; Fang et al., 2001; Bos et al., 1998; Wright and Paul, 
1997; Hayes, 1988; Liu et al., 2001; Wind et al., 2002; Bos et al., 1998; Rezac et al., 
1997).  However, there are certain limitations and drawbacks: the miscibility of 
polymers for physical blending; the degradation and industrial feasibility for thermal 
treatment; the susceptivity to the experimental conditions for photo-crosslinking. In 
most of the above approaches, the processing temperature needed to achieve cross-
linking reactions might be as high as more than 200oC.  Surprisingly, a new chemical 
cross-linking method (Liu et al., 2001) (i.e. simply immerse the polyimide membrane 
in a p-xylenediamine methanol solution for a certain time at ambient temperature) has 
feasibly modified the 6FDA-durene thick dense films.  However, the effect of cross-
linking on physical aging and plasticization study on ultra-thin films has not been well 
studied.  Even though McCaig and Paul (McCaig and Paul, 1999) studied the effect of 
UV induced cross-linking on the physical aging of polyarylate thin films, they did not 
comment on the effect on the plasticization behavior.  Meanwhile, as the final aim still 
comes back to the asymmetric membranes in the large scale application mentioned 
above, and on the other hand one can imagine that the swelling of polyimide by 
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 methanol is limited hence the degree of cross-linking shall be quite low for short time 
cross-linking of the thick films, we attempt to study the different plasticization 
behavior of ultra-thin film and thick films, and of uncross-linked and cross-linked thin 
films, which are modified at room temperature, thus to optimize the plasticization-
resist method for asymmetric membranes. 
 
The scope of this study also attempts to cover the preliminary results of the effect of 
cross-linking on the physical aging of glassy polymer films. Generally, the physical 
aging rate of glassy polymers at a temperature far below Tg is extremely slow.  But 
interestingly, when the sample thickness is small enough (sub-micron grade, close to 
the thickness of the effective layer of asymmetric membranes), an accelerated physical 
aging process was observed for different glassy polymers (Zhou et al., 2002; McCaig 
and Paul, 2000; Pfromm and Koros, 1995).  As reported, more and more evidences 
support that the physical aging of glassy polymer might be the main consequence of the 
reduction in free volume and the densification of segments or chains, which results in a 
large-extent elimination of the Langmuir sites from the aged film samples (Pfromm, 
1994) and raises a possibility to slow down the aging process by introducing cross-
linkages between the polymer chains.  Efforts have been directed to examine how 
cross-linking affects the physical aging of 6FDA-Durene polyimide thin and 
intermediate films, hopefully we can ameliorate the permeability drop and consequently 
fully utilize the advantage, i.e. high flux, of membranes characteristic of as thinner as 
possible in industrial applications, and improve the ideal gas selectivity, chemical and 




 5.2    Results and discussion 
5.2.1 Effect of chemical cross-linking on physical aging  
Figure 5.1 Percentage change of O2 permeability vs. aging time  
for different films 
 








































The time-dependent gas permeation decay of some glassy polymers has been widely 
recognized as the consequence of physical aging due to the non-equilibrium nature 
(Zhou et al., 2002; McCaig and Paul, 2000; Pfromm and Koros, 1995).   Figure 5.1 
presents the time dependence of the O2 permeation coefficients for films with different 
thickness, demonstrating both the effect of film thickness and the cross-linking on 
physical aging process of the polyimide used.  The starting point of the relative aging 
time is defined as the moment when the heat treatment ends (i.e. after approximate 35 
hours sub-Tg annealing as shown on the X axis of figure 5.1).  The permeability 
remained is normalized by the starting point value via assuming that the initial 
permeability of each film equals to 100%.  Clearly, for the thick film (45.8µm) after 
about 35 hours heat treatment, the permeability coefficient values are virtually not 
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 changing with time.  For the intermediate film (4.3µm), a slow and gradual decrease  
(loss about 7% original permeability during monitoring) of O2 permeability is rather 
obvious compared with the more much significant O2 permeability loss as a function 
of time observed for the two thin films (with about 23% loss for 1.8µm film and 30% 
loss for 0.5µm film).  An accelerating aging process that is strongly size-dependent 
was observed for the intermediate and thin films in this study.   
 
It is generally accepted that cross-linking will tighten the interstitial space between the 
polymer chains and restrict the vibration of the chains hence the diffusion jump for the 
transport of penetrants.  Consequently, the diffusion of gas molecules through the 
membrane is likely to be hindered, and a decrease of permeability coefficients and an 
increase of ideal selectivity are expected as observed by Koros, Pfromm, McCaig and 
Paul (McCaig and Paul, 2000; Pfromm and Koros, 1995).  Both of them were observed 
in this study.  Also in figure 5.1, compared with the other two thin films discussed 
(0.5µm and 1.8µm), a moderate and less steep decrease of permeability (with the loss 
of less than 15% and approaching to stable state) is observed for the 1.5µm film cross-
linked for only 0.5 minute, suggesting that the chemical cross-linking employed 
possesses the potential to suppress the physical aging of this polyimide besides many 
benefits such as an improved selectivity for O2/ N2 from about 3.3 to 4.5 as shown in 
figure 5.2, whereby the selectivity coefficients of all uncross-linked films, regardless 
of thickness, are very close and show a very limited gain in selectivity compared with 
the significant decrease of permeability.  Similar trend was found for the change of N2 
permeability as a function of time for different samples.  Though moderate 
permeability loss is obtained for the cross-linked film, its selectivity coefficients of 
O2/N2, which are essentially much higher than those found for the uncross-linked films 
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 (about 4.5 vs. 3.3), still slightly increase as the aging time increases, suggesting a 
gradual reduction of free volume and slight densification of segments/chains.  Further 

















1.5µm (cross-linked for 0.5min)
45.8µm
 
Figure 5.2 The change of selectivity coefficient of O2/N2 as a function of aging 
time for different films 
 
 
5.2.2 Accelerated CO2 plasticization for thin films and the 
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Figure 5.3 CO2 permeability as a function of exposure time  
at feed pressure of 8 atm for different films 
 
After the aging experiments, CO2 permeation experiments were carried out on 
different films.  It is well known that CO2 readily dissolves in the polymer matrix, and 
the permeability tends to creep up under same permeation pressure over a long 
observation time scale, while the extent depends strongly on the amount of CO2 
dissolved or the mobility and chain characteristics of polymer segments.   Thus, the 
time dependency has to be specified to guarantee the consistency of the permeation 
data since the permeability data without sufficient conditioning time are not 
equilibrium values (Wessling et al., 1991).  In this work, the CO2 permeability data 
points for each tested feed pressure were collected in a time scale of about 10 hours 
and the equilibrium values are utilized to interpret the plasticization behavior of 
different films.   
 
As a typical example, the assessment of the time dependency for different samples at 8 
atm feed pressure is shown in figure 5.3.  It should be pointed out that the differences 
 75
 in the CO2 permeability values for films with different thickness are due to the effect 
of physical aging.  Clearly, the time it takes to reach equilibrium is the function of film 
thickness under 8 atm: the thick film of 45.8µm takes approximately 300 minutes to 
reach the stable state, while only tens of minutes are needed to reach the equilibrium 
state for the other thin films.  Since the permeation time-lags of all the samples are in 
the magnitude of minutes, the upward shift to the stable state is merely due to the 
configuration change (relaxation) of the polymer induced by the desorbed CO2.  
Surprisingly, the cross-linked films show significant stable nature than other uncross-
linked films as seen in figure 5.4 where small deviation was observed.  The 
permeability of all films remains essentially unchanged after the equilibrium 
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Figure 5.4 CO2 permeability as a function of exposure time 
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Figure 5.5 CO2 permeability as a function of feed pressure 
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Figure 5.6 CO2 permeability as a function of feed pressure 
for cross-linked and uncross-linked films 
 
Figures 5.5 and 5.6 explicitly elucidate the effect of film thickness and cross-linking 
modification on the plasticization behavior.  The relative permeability (i.e. the CO2 
permeability normalized by the equilibrium value of CO2 permeability at the lowest 
tested pressure) has been used in plotting.  In figure 5.5, it is clearly shown that the 
thin films have significantly different plasticization behavior than the intermediate and 
thick films.  For the intermediate and thick films (3.3µm, 4.3µm and 45.8µm), the 
relative CO2 permeability decreases monotonically with increasing feed pressure, 
which clearly follows the dual mode model and indicates that these films are hardly 
plasticized, while for the other two thin films (0.5µm and 1.1µm), both of the films are 
severely plasticized at low feed pressure and the degree of plasticization seems to be a 
function of film thickness (i.e. the thinnest film, 0.5µm undergo more significant 
permeability uptake and less steeper increase of permeability is found for the film of 
1.1µm).  However, it is interesting to notice that a huge increase of the permeability of 
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 1.1µm film starts at about 9 atm but the permeability of 0.5µm film seems to be 
gradually increasing from 5 atm onwards.  Though the reason is not fully understood, 
it is obvious that the degree of plasticization is dependent upon film thickness in this 
study. 
 
It is interesting to find that these two thin films seem to exhibit a trend of increasing 
relative permeability upon the increase of feed pressure, and the magnitude of the 
permeability gain appears to be a function of the film thickness.  This accelerated 
plasticization might be explained by the following factors: On one hand, as reported 
(Forrest et al., 1996) there is a significant decrease of Tg with the reduction of 
thickness for ultra-thin films, suggesting that the polymer segment/chain in the micro-
scale entity of thin films might be much flexible than that in thick films.  In other 
words, the reduction of thickness of film sample might result in a significantly 
decreased micro-scale mechanical property, which will, even in the case of equivalent 
amount of sorbed CO2, lead to a higher degree of plasticization in thin films.  On the 
other hand, these two films underwent rapid physical aging before the CO2 permeation 
test, which means that the Langmuir sorption sites were significantly eliminated out of 
the film (Pfromm, 1994) since it is commonly acknowledged that the local ordering of 
glassy polymers will significantly increase in aged samples (Struik, 1978) and the local 
ordering will certainly result in reduced Langmuir sorption sites.  Unfortunately, the 
sorption data are not available thus we refer to the previous publications for calculation.  
In Cheng’s work (Cheng et al., 2002), the ratio of CH and (CH+CD), i.e. the ratio of a 
given penetrant sorbed in Langmuir site to the total sorption site, is about 75% for 
6FDA-Durene (same polymer as in this work) at 23oC under 5 atm.  Koros’s data [2] 
on CO2 sorption of polycarbonate at 35 oC under 5 atm yield the ratio of around 75%.  
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 According to the aging data above, a confident hypothesis can be reached that this ratio 
in the thick and intermediate films might relatively drop less dramatically over our 
aging observation time scale, while for the thin films here, this ratio might 
significantly drop and thus less CO2 is needed to sorb in the film to ignite 
plasticization due to the reduced portion of CO2 sorption capacity contributed by 
Langmuir sites.  Further works are needed to clarify the coupled effects of film 
thickness and physical aging. 
 
The plasticization resistance induced by cross-linking is exhibited in figure 5.6 for 
three films with comparable thickness.  The 1.5µm film cross-linked for 0.5 min 
appears to decrease with increasing pressure then level off when the Langmuir sites are 
saturated, and a trend of increasing permeability with the increase of pressure from 
about 10 atm onward indicates that this cross-linking approach might not be able to 
fully suppress the plasticization.  It can be so interpreted that the permeation properties 
of cross-linked film can be described by the Dual Mode model before the onset of 
plasticization at higher feed pressure.  Meanwhile, compared with the small deviation 
of permeability at early stage of pressure increasing and significant increase of 
permeability at higher pressure for the two uncross-linked thin films, the monotonicity 
of the decrease of permeability to the increase of feed pressure suggests that the cross-
linking is capable of imparting an improved plasticization resistance to the thin films, 
which simultaneously reinforces the above explanation because the cross-linking will 





 5.3 Conclusions  
 
Some temporary conclusions can be drawn from the aging and direct CO2 
plasticization study of thin films:  The CO2 plasticization phenomenon seems to be 
predominant for thin polyimide films while the pressure dependence of thick films 
remains as well described in the “Dual Mode Sorption” and transport model, which 
might be due to the swelling effect of the sorbing CO2 molecules on the polymer 
chains and the combination of the weak micro-mechanical properties and the absence 
of Langmuir sorption sites after physical aging of ultra-thin films.  The surface 
chemical modification on the thin film results in a retarded aging process and a 
suppressed plasticization behavior found for the thin films, which is believed to be the 
main consequence of the significantly increased chain rigidity and the higher cross-
linking degree (higher ration of surface volume ratio) compared with the thick films.  
However, it is worthy noting that more systematic works are still required to separate 
the complicated contributions from thickness, physical aging, and cross-linking on the 
plasticization behavior.  Besides, a detailed investigation of the plasticization effect of 
CO2 on polymers with different pendant groups to interact with the double pi bond 












In this research, a systematical study of the physical aging and plasticization of 
polyimide thin films has been reported, which covers the following four aspects: (1) to 
examine the aging profile of 6FDA-Durene polyimide dense films with different 
thickness, thus to correlate the aging of hollow fiber containing a thin and dense 
selective layer with the aging of dense films of comparable thickness; (2) to investigate 
the CO2 plasticization behaviors of 6FDA-Durene films with different thickness; (3) to 
study the effects of chemical cross-linking modification of 6FDA-Durene on the aging 
and CO2 plasticization behaviors.  The following conclusions were obtained from this 
study. 
 
6.1 Experimental observation and theoretical aspects of the physical 
aging of thick and thin polyimide films 
 
An equation based on the segmental/chain mobility in free volume theory was derived 
to correlate the gas permeation coefficient and the aging time. An accelerated physical 
aging of a fluoro-polyimide was observed and employed to validate this equation. 
Strongly thickness-dependent aging process was found by employing pure O2 and N2 
tests to monitor the change of gas permeation properties as a function of aging time. 
Experimental results also suggest that chain rigidity and configuration play important 
roles in physical aging. As a result, the thin 6FDA-polyimide films studied here has 
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 different permeability vs. time relationship from conventional polyarylate in the early 
stage of aging, and the experiment data seems to fit the proposed equation well.  
 
6.2 Accelerated CO2 plasticization of thin polyimide films and an 
effective cross-linking modification to suppress plasticization and 
retard physical aging 
 
For the first time, the permeation experiments of CO2 are carried out on ultra-thin 
dense polyimide films (0.5-1.8µm). The observation of accelerated CO2 plasticization 
indicates that the conventionally defined “plasticization pressure” as an inherent 
material properties measured from thick dense films is strongly thickness dependent. 
This accelerated plasticization phenomenon observed in ultra-thin dense films is 
probably attributed to two factors: 1) the swelling and softening effects of the sorbing 
CO2 molecules on the polymeric chains, and 2) weak micro-mechanical properties and 
less sorption capacity of ultra-thin films to accommodate the sorbed CO2 gases. 
Experimental results suggest that chemically modified ultra-thin films show 
characteristics of retarded aging process and significantly suppressed plasticization. 
 
6.3 A comprehensive review of the effect of physical aging on glassy 
gas separation membranes and remaining problems 
 
In the literature review section, we have discussed both theoretical and 
phenomenological aspects of the physical aging of glassy polymers.  Though the 
nature of glass transition, the driving forces of physical aging, and the evidence of 
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 structural changes as well as the correlation to the change of free volume are presented, 
it does not mean that the physical aging and glass transition are fully understood.  
There are still, however, quite a number of controversial issues as discussed in the 
literature review section, which are of academic and practical importance thus shall 
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